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Abstract. In this paper a new digitally programmable
voltage mode fully differential Kerwin-Huelsman-Newcomb
(KHN) filter is realized using digitally controlled CMOS
fully balanced output transconductor (DCBOTA). The
realized filter uses five DCBOTASs, a single resistor and two
capacitors. The filter provides low-pass, high-pass and
band-pass responses simultaneously. The pole-frequency of
all the responses is controlled by externally applying an
8-bit digital control word. All the responses exhibit
independent digital control for pole-w, and pole-Q. The
proposed filter also offers low passive sensitivities. Non-
ideal gain and parasitic associated with the actual
DCBOTA is also discussed. The CMMR results for low-
pass response are also included which highlight the
advantage of a fully-differential operation. Exhaustive
PSPICE simulation is carried out using 0.5u technology
which may be further scaled to explore state-of-the-art
applications of the proposed circuit.
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1. Introduction

Fully differential circuit configurations have been
widely used in high frequency analog signal processing
applications like new-standard wireless receivers [1]. As
compared to their single ended counterparts, they exhibit
a higher capability to reject power supply noises, and offer
a large output dynamic range along with reduced harmonic
distortion. A number of fully differential biquad filter
circuits based on active elements have been reported in
literature [2]-[4]. However, they require a large number of
passive components. The differential KHN using dual
output differential difference current conveyor (DO-
DDCCs) [2] uses three DO-DDCCs, two capacitors and
five resistors. The circuit in [3] includes three FDCCII, six
resistors and four capacitors. The design proposed in [4]
has three FDCCII, four floating resistors and two floating
capacitors. Both the circuits i.e. within [3] and [4] are
capable of generating only low-pass and band-pass
responses. In contrast, the circuit proposed within this
article is composed of five active elements, namely
DCBOTAs along with only two capacitors and one resistor.

In addition, the circuit also provides programmable high-
pass, band-pass and low-pass responses.

Operational transconductance amplifier (OTA) is
widely used in the design of electronically tunable analog
filters. Several realizations of CMOS transconductors with
single or multiple outputs along with their applications
have been reported [5]-[8]. The OTA based filters reported
in [5], [7] provides all responses but no independent tuning
between pole-frequency and pole-Q. Several KHN filters
based on different active device have also been reported,
but with single-ended input-output configurations [9]-[11].

Digitally controlled CMOS fully balanced output
transconductor (DCBOTA) is useful building block for the
design of digitally programmable filter. Filters [12]-[14]
based on DCBOTA are also available. But none of the
configurations is fully differential. Filter [12] gives low-
pass and band-pass responses and the one in [13] produces
band-pass response. Recently a digitally programmable
current mode filter based on DVCC was also introduced
[15], in which the filter responses were digitally selected
using built in CMOS switches.

In this paper, a new voltage mode digitally program-
mable fully differential KHN (DP-FDKHN) filter with
minimum passive components is presented. The filter
employing digitally controlled CMOS fully balanced
output transconductor as an active element [12] is used.
The digital control of the DCBOTA is achieved using
a current division network (CDN) [12], [16], [17]. The
CDN to be used in this work is from [12]. It exhibits
features such as independent digital control of pole-m, and
pole-Q through a control word, low sensitivity figures and
a wide frequency range. The realized DP-FDKHN was
designed and simulated using PSPICE.

2. Circuit Description

The electrical symbol of DCBOTA as proposed in
[12] is shown in Fig. 1.
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Electrical symbol of DCBOTA.

Fig. 1.
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Fig. 2. CMOS realization of DCBOTA [12].
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Fig. 3. Block diagram of CDN [12].
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Fig. 4. CMOS realization of CDC [12].

The CMOS realization of the DCBOTA is shown in Fig. 2.
The MOS drain current in the saturation is given by

]o:aK(Vc_Vss)(Vl_Vz)' M

Therefore, the DCBOTA circuit operates as a digitally
controlled  balanced output transconductor  with
programmable transconductance G, which, in turn, is
controlled by the digitally controlled parameter a. This is
represented as

current division cells (CDCs) as shown in Fig. 4.

The output currents of the CDN are given as
Iy|=al, G

I,|=(1-a)I, 4)

n-1
a=to_L($, 6)
L 2\5

where a;= [a; ag as ay as a, a; ay] is the digital control word
which can be applied to CDN externally.
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Fig. 5. Block diagram representation.

The DCBOTA is used to convert the well known
KHN filter into a digitally programmable fully differential
KHN filter. The block diagram of the proposed biquadratic
filter is shown in Fig. 5. It uses five DCBOTAs, two
capacitors and a single resistor as shown in Fig. 6. Tuning
of this filter is achieved by using the digitally controlled
word.

Analysis of the proposed filter yields the transfer
function as

@ _ Vos =Vou _ s’ (GmlR) (6)
Vi D(s

Va (s)

S(GMIGWMRJ
_ Vos _V04 _ Cl
(s

Ver _ = (7)

Va Vi D(s)

(Gmle4Gm5Rj
& — V07 _Vos — CICZ (8)

Va Vi D(s)
where
D(S) —’ts Gm3Gm4R 4 szGm4Gm5R ) (9)
G GG

Thus the filter realizes the voltage mode high-pass, band-
pass and low-pass characteristics as exhibited from
equations (6), (7) and (8) respectively. These expressions
show the gain constants Hyp, Hgp and Hyp as below

G G
H :C; R’ ;{ — ml , F( — ml . (10)
HP ml BP Gm3 LP sz

The parameters pole-m, and pole —Q can be respectively

expressed as
0, = G20t GnsR an
C1C2

Q — L GmZGmSCI (12)

Gm3 Gm4C2R .
The pole- m, and pole-Q sensitivities are

so =L ga_

etet 2
52 :l, S92 __1 59 :_l_ (13)
2 2

It is evident from (13) that the realized filter exhibits low
sensitivity for the parameters of interest.

Assuming G,,4 = G,,5s = G,, and C; = C, = C, equations
(11) and (12) respectively reduce to

o, =S [G R, (14)
c
I Sy (€% (15)
0 G.\ R’

m3

From equations (14) and (15), it is clear that the pole-a,
and pole-Q can be independently controlled by digitally
changing the programmable transconductance G,, and G,,3.

Via [Gm1

ai1

Fig. 6. Proposed digitally programmable fully differential KHN filter.
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3. Effect of DCBOTA Non-idealities
and Parasitic Output Resistances

3.1 Effect of Non-idealities

This subsection deals with the non-ideal analysis of
the circuit proposed in Section 2. The transconductance
gain of the OTA [18] with the non-idealities can be
assumed as

G,. =G, (1-us)(i=1-5) (16)
where 1, =(1/ wg;) and a@g; is the first pole of the OTA;
(i=1-=15). Using (16) the ideal transfer functions of the
second order HP, BP and LP filter sections given in
equations (6), (7) and (8) respectively, yields the following
non-ideal transfer functions.

Vip - s’RG,, (1-ps) a7
v,o D
sRG, G, , )
Tl W) (g, 4 4,) S — LS
&E Cl { |:( 1 4) 1774 :|} (18)
v, D(s) ’
SRGmle4Gm5
ST maTms [ _
&: cC, [ (/J1+,u4+,us)s]
V| D(s)
RG G, .G 19
S e [ g+ g + ) ° (1)
+ 12
D(s)
SRGm]Gm4Gm5 3
) ., |:(,U1/u4:u5)s :|
D(s)
where
RG .G
D(s)|zs? +Sg¢{l—[(u3 )5 = s )|
1
RG .G .G
+W[l_(ﬂz+ﬂ4+/‘5)s] (20)
RG, .G G
+W[(ﬂzﬂ4+ﬂzﬂs+ﬂ4ﬂs)sz]
RG, .G, .G
- mé[g; = ,uz,u4,u5s3.

Due to non-idealities of the OTAs the HP, BP and LP
responses deviate from the ideal responses. But the
parasitic effect can be made negligible by satisfying the
following conditions

1> ps;
1>>[(/u1+/u4)s_ﬂ1xu4sz:|; @1
U [y + g+ ) s = (a0, + gt + 1y ) S g1, p158°

(
U [ (py+11,) s = s |
1> [(/uz Ty T s )S _(/uzlu4 Ty s + Hy Hs )S2+/12/J4,L15S3:|

3.2 Effect of DCBOTA Parasitic Output
Resistances

This subsection explores the effect of device output
parasitic resistances on the performance of the proposed
circuit. Within the scope of effect of these parasitic
elements, the proposed digitally programmable fully
differential KHN filter as depicted in Fig. 6 can be
modified as shown in Fig. 7 in which the parasitics are Ryp
and Ry. It may be noted that the output resistance of
DCBOTA is assumed as Rp. Here Ryp = Rp/3 and Ry = Ry.

Analysis of the filter (Fig. 7) by taking into account
the parasitic effects results in the following modified
transfer functions

@ — V03 — Vo4
Vi Vi
SszlZ+S Gm]Z (Cl +C2 ]+ Gm]Z 3
. 2R\ GG, ) 4CGR, ()
D(s)
Gmle4Z Gmle4Z
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Vi Vi D(s)
Vie|_Vor =Ves
Vi Via
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where
C +C
D(S)=s2+{G”‘3G’"4Z+( ' 2)}
G 2C,C,R, (25)
+ GmZGm4GmSZ + GmSGm4Z + 1 5
CC, 2CC,R, 4C.C,R>
and
__2R,R (26)

2R, +R
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Fig. 7. Proposed digitally programmable fully differential KHN filter showing parasitic output resistances.

The pole-frequency and the quality factor of the
proposed filter as a result of these parasitic elements are
modified to

@, =k, (27)
: Rk (28)
0 =0 .
C +C, L7
2Gm3Gm4C2RX
where
|2, GwZ | 1 | @)
R 2G,,G.R,R 4G,G,k G, R.R

It is clear from (23), that the parasitic zero in band-
pass transfer function significantly degrades the low
frequency response.

From equations (22)-(24), the low-frequency gains
(o = 0) of high pass, band pass and low pass are

0 — GmIZ (30)
HP 24 0
4GmZGm4GmSRRXk
0 _ G.Z 31
" 2G,,G, RR .k’
o _ GuZ (32)
P :
G, Rk

Equations (30) and (31) indicate that when the
frequency increases as a result of increasing G, and/or
G,s, the low-frequency gain of high-pass and band-pass
decreases. Similarly, the low-frequency gain of low-pass
filter as shown in equation 32, exhibits minimal variation
only due to the presence of k. Thus it is clear that the band-

pass response has finite attenuation at low frequencies as is
also evident from Fig. 10.

4. Design and Verification

The design of the proposed filter (as shown in Fig. 6)
was verified with values of C; = C, = C = 10 pF and
R = 10 kQ. The supply voltages were taken to be Vpp =
—V¢=15V and Vo= -1.1 V. Tab. 1 lists the variation of
pole-frequency and pole-Q with control words a;, and a5
applied to DCBOTAs keeping control word a;, constant. To
make DC gain unity for LP, HP and BP, the digital control
parameters corresponding to digital control word applied to
the DCBOTAs are given in Tab. 2 for different fre-
quencies. Fig. 8 shows the low pass responses at different
frequencies which correspond to different control words
listed in Tab. 1, each having a DC gain approximately
equal to unity.

Tuning of high pass responses for the same control word is
also depicted in Fig. 9, which also shows that the DC gain
is unity. Both the low pass and high pass responses have
the same pole frequencies. The band pass responses for the
same control word applied to DCBOTAs for centre
frequency 110 kHz, 508 kHz, 1.0 MHz and 3 MHz
respectively are shown in Fig. 10 at a unity gain. The pole-
Q wvariation by varying control word a;; keeping a;, =
11011111 and a;y = a;s = 01001111 are also listed in Tab. 1
and the pole-Q variation for different control parameters at
unity gain are given in Tab. 2. The curves
A-D for different quality factors at a frequency of 1 MHz
are shown in Fig. 11. The time domain response of the
band pass filter shown in Fig. 12(a) is obtained by applying
a differential sine wave of 1 V amplitude at 1 MHz. The
Fourier spectrum of the band pass output signal, showing
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Control word (g;;) = 11011111, Control word parameter (a;,) = 0.871
Control word Control word Frequency Control word Control word
Curve (@i, ais) parameter (KHz) () parameter Pole-Q
e (@is= 0uis) ' (@i3)
A 00000110 0.023 110 11111011 0.917 1
B 00100111 0.152 508 10000010 0.508 1.9
C 01001111 0.308 1000 01001100 0.281 3.5
D LII11111 0.996 3000 00101010 0.164 6
Tab 1. Variation of frequency with Control word for LP, HP and BP.
Digital Control Parameters
Low-pass filter Zz(c:ttligrrll/ngh pass filter Band-pass filter section Pole-Q variation at IMHz
Fi F
CU.I'VG =02 a3 Oy4=0s r?}?;]ezr;cy =03 o O04=05 rf;t;;cy o= 03 [¢%) 04=05
A 0.871 0.996 0.023 110 0.996 0.871 0.023 110 0.971 0.871 0.308
B 0.871 0.996 0.152 508 0.996 0.871 0.152 508 0.508 0.871 0.308
C 0.871 0.996 0.308 1000 0.996 0.871 0.308 1000 0.281 0.871 0.308
D 0.871 0.996 0.996 3000 0.996 0.871 0.996 3000 0.164 0.871 0.308
Tab 2. Variation of frequency with control word parameter for gain unity.

a good selectivity for the applied signal frequency of
1 MHz, is given in Fig. 12(b). The plot of Fig. 12(b) also
shows harmonics occurring at high frequencies which are
very obvious for band pass response. Fig. 13 shows Fourier
spectrum of low-pass and high-pass output signal with
THD of 1.8 % and 5.8 % respectively. The DC transfer
characteristics for the low-pass output is consequently
shown in Fig. 14 which suggests a linear variation of
output for input in the range of —1 V to 1 V thus exhibiting
a wide dynamic range. However, the effect of finite offset
voltage is also visible from the characteristics.

Next the CMMR analysis [19], [20] of the proposed
circuit is also performed. The fully differential nature of the
circuit is especially desirable for rejection of common-
mode signals. This is evident from the results of Fig. 15,
which shows CMMR variation for low-pass output for
curve B (Tab. 1b). Fig. 15 clearly shows very high CMMR,
thus emphasizing the advantage of fully differential
operation. The MOS transistor aspect ratios are given in
Tab. 2. The device model parameters, used for the SPICE
simulations are taken from MIETEC 0.5 pm CMOS
process.

Tab 3. MOS Aspect ratios for DCBOTA.

5. Conclusion

In this paper a digitally programmable fully
differential KHN filter has been presented with minimum
passive components. The filter provides low pass, high pass
and band pass responses simultaneously. The frequencies
of the fully differential filter are digitally controlled by
applying control words to DCBOTAs. The filter was
designed at unity gain by proper selection of control words
as depicted in Tab. 1. The frequency range covered by

applying control words varies from 110 kHz to 3 MHz
which shows a wide variation. The pole frequency and
quality factor of the proposed filter can be independently
controlled. Passive component sensitivities are also very
low. The fully differential filter was designed and
simulated using PSPICE.
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Fig. 13(b). Fourier spectrum of high-pass output signal.
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Fig. 14. DC transfer characteristic of low-pass output.
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Fig. 15. CMMR frequency response of the low-pass filter for curve B.



