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Abstract— In this paper a new structure for the MLF (Multi Loop Feedback) Gm-C group of filters
is presented, granting the advantages of both current-mode and fully balanced topologies to the
conventional structure of the group.

The ability of the structure to perform even more transfer functions (Low pass and Band Pass)
than other members of the group is proved. Methods of enabling the proposed structure to perform
other popular transfer functions are also presented. The favorite feature of systematical generation
of the structure facilitates its arrangement for any order.

For practical comparison, a Butterworth 4™ order LP filter with a cut-off frequency of
10MHz is designed in three different structures viz; the proposed one, the single-ended current
mode, and fully balanced voltage mode. Simulation results show that the PSRR+,PSRR-,CMRR,
Noise, THD, DR, consumed power (P) and Figure of Merit (FOM) of the new structure compared
to its voltage mode counterpart are improved at least by factors of 36643, 59841, 4.75, 76, 2, 2.45,
1.17 and 509500, respectively. Compared to single ended current-mode type they are improved by
factors of 40, 73, not defined, 1.3, 7.8, 150, 0.68 and 1763000, respectively. Although the above
mentioned comparison, due to both the similarity of the used technology and the completeness of
the results, is the most equitable one for the most definite conclusion, to further widen the extent of
the comparison, the proposed structure is also compared with some other works yet assumed as its
closet counterparts. This latter comparison also proves the certain superiorities of the proposed
structure such that its FOM is from 8500 to 4512740 times larger than those of others. Closer
tracking of the input signal at pass-band and more attenuation at stop-band are also achieved by
this structure. These results strongly support the theoretical suggestions. Most favorably the much
higher PSRR of the new structure makes it an extremely suitable choice for Mix-Mode (System-
On- a Chip, SOC/SOI) applications where power supplies (and analog blocks) suffer severely from
digital noise.

Keywords— Current-Mode filters, fully-balanced filters, very high FOM filters, very high PSRR/CMRR, very low
THD filters, very low noise filters, very wide dynamic range filters

1. INTRODUCTION

In recent years a great deal of attention has been focused on Gm-C based filters, originating from such
advantages as; high frequency operation, convenience of full integration, electronical tuning, calculation
of components, and systematic generation of any order, a more flexible and simpler structure, and the
smaller size of the topology, which matches well with the VLSI requirements [1-14].

There are many variants of Gm-C filters [1]-[14], among which the Multi loop Feedback (MLF) type
has gained a distinguished place due to having all the advantages of the group. Moreover, it is less
sensitive, more stable and capable of being configured with minimum components [4], [5], [7], [14]-[16].
It has been arranged in both voltage-mode and current-mode structures [1]-[5], [7], [14]-[16].
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Due to the unique capabilities of current-mode structures, particularly in performing mathematical
operations of filters' transfer functions [3]-[6],[9],[10], [12], [14],[15],[17]-[31], many current mode filters
have been designed for which, compared to voltage mode counterparts, such advantages as wider
bandwidth, broader dynamic range, lower THD, better inter modulation performance, and non-linear gain
compression, multifunction canonic structure, smaller size, lower consumed power and lower power
supply are reported [2]-[6],[9],[10],[12],[14],[15] and [17]-[31]. However, concerning MLF Gm-C filters,
voltage mode types have more often been approached [4], [7], [11], [16] and [32].

Since fully balanced topologies offer such advantages as high CMRR and PSRR, low THD and noise
and high accuracy [2], [11], [16] and [31]-[36], voltage mode versions of MLF Gm-C filters have
frequently been implemented in this topology [11], [16], [32] and [34], while it has not yet been arranged
for current mode MLF Gm-C filters to the best of the authors’ knowledge. Hence by doing so, if possible,
a very desirable continuous-time filter which exploits the outstanding capabilities of both fully balanced
and current mode structures will be available. Meanwhile, to date, few works are claimed as
implementations of fully balance current-mode filters [13]-[15] and [20]-[23]. However, these claims raise
the two following objections. 1) None of these works have reported the values of such differential
parameters as CMRR and PSRR, leaving the readers with just a bare claim that has to be supported by
strong sufficient proof to be convincing. As exceptional cases [22] has reported the value of CMRR only,
and [13] has given values of CMRR and PSRR, but both works (like all others) are liable to second
objections as follows, 2) Some of those works are of voltage-mode type [13], and none are of MLF type
but [15], again, has not reported the values of CMRR and PSRR, besides it is very heavy, noisy and power
consuming.

In this paper, the structural feasibility of the idea of "current mode MLF Gm-C filter" is first
practiced. The general theory and formulation of the proposed structure as well as its systematic
development for any transfer function of any order are then given. To practically confirm the theory,
simulation results of an LP Butterworth filter implemented in this new structure are included. Since a
type-to type, spec- to-spec comparison has rarely been attempted the filter is also designed in two other
leading configurations of MLF Gm-C filters viz, fully balanced voltage-mode (FBVM) and single ended
current-mode (SCM). Their most important parameters are then compared.

2. FEASIBILITY STUDY OF THE IDEA

a) General structure

The structure shown in Fig. 1 seems to be a good candidate to implement the proposed idea;
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Fig. 1. Proposed implementation of the idea

It consists of a fully balanced multi loop current feedback network which can be arranged canonical
with any number of loops depending on the demanded functions. Current feedback network provides low
impedance nodes which enhance the frequency response of the topology. It also reduces the nodes’
voltages causing the filter to work with lower supplies. Input-output signals of each stage in the feed
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forward path (Gm-C integrators) are also of current type, providing a fully current-mode processing
discipline for the filter.

Figure 1 shows that not only the feedback network of the filter, but also feed forward section and all
Gm-Cs are organized in fully balanced architectures supplying another necessity of the idea. To make this
possible, as well as to properly perform the current feedback process (sampling output current- mixing
input current) gm-amplifiers with at least four output terminals are used [25],[27]and [32]. For
implementing band pass transfer functions two more output terminals are required, as is explained in
section 3. It is worth noting that multi-output gm-amplifiers (used in this structure) are favored over the
multi-input types which are utilized in voltage mode structure since the former types have a simpler
circuitry and consume less power [11], [16], [32] and [34].

Figure 1 also shows that the structure balance is increased and the number of its components reduced
by using floating capacitors, but at the expense of employing more costly technologies. Otherwise each
floating capacitor can be replaced by two separate grounded ones, each of which is doubled in capacitance
and connected to a separate node. The case, however, may increase the probability of the structure
imbalance.

It can therefore be concluded that structural implementation of a fully balanced current-mode MLF
Gm-C filter is generally feasible. To implement a more detailed structure we need to first investigate the
theoretical feasibility as well as the formulation validity of the issue.

b) Theory and formulation

To study the theoretical operation of the proposed structure we develop the relation of its transfer function,
H(s), for which by definition we have:

H(s)=2ow = Lon (1)

While in Fig. 1 for the output stage we can write:

1

a (IO(n—l) - Ifn ) (2)

10;1 :lout = gmn X

In (2), showing C,, /g, as T, gives:
ST = Loy =1, 3)

n~ out

Similarly, for other stages we have:

STn—IIO(n—l) - IO(n—Z) = _]_/'(nfl)

4)
Stly —Upy =1,,) =—1,

Combining all terms in (3) and (4) gives matrix (5):
[M(s)][7,]=[B),, -1, | 5)

St, .
Where [B]z[l 0 .. O]t and M(s) -1 Sz,

-1 St

n
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In this structure we arranged a canonic feedback network built by only short circuit connections between
arbitrary outputs and inputs so that we have:

l]fJ:[F][IO]’ []f]:[]fl Ipy .1y "'[fn]' o ol=lo Ty o Top o I, ) (6)

In (6) [I 0 ], |_I fJand [F ] are matrices presenting output currents of integrators, input currents of
feedback networks and feedback factors relating each Iy to the appropriate I, (i.e. fjj is the factor by which
I is related to Io; I oc fily), respectively. Superscript (t) stands for transpose which is the type of
matrices. They are all defined by (3) to (5).

Combining (6) into (5) with some manipulation gives;

[A(S)]X [10 ] = [B][in (7
St + fi Sz - S
-1 S .
[A(s)|= v+ [F]= L ®
-1 Sz, +f,

Thus for H (S) we have:

B] 1 1

Ly _do, _ | _
H(s)= Imt 1, [4(s)] [A(s)| E.s"+.+Es'+.+ES+E,

€)

Equation (9) is an all pole function proving that the proposed structure behaves like an n-ordered low pass
filter, thus it is theoretically feasible too.

3. IMPLEMENTATION OF OTHER FUNCTIONS

Since performing all filter functions requires structures with general (arbitrary finite zero) transfer
functions [7], [16] as is shown in (10) rather than all-pole type (9), the proposed structure seems to be of
limited application.

DS"+..+DS""' +.+DS"+D
H(S): n i 1 0 (10)

ES"+..+ES +..+ES+E,

Since the same limitation exists in such leading types of MLF Gm-C filters as voltage-mode and
single ended current-mode, some methods have been devised to overcome the problem [7],[10], [11], [16].

Although the same methods work properly here as will be discussed later, favorably the proposed
structure on its own can perform BP and finite zeros functions as follows.

a) Selectable I/0 method

e 9

In this method, as is shown in Fig. 2, in an n-ordered filter, ideally “n” pair of terminals exist for input
or/and output signals which can arbitrarily be selected depending on the required transfer function.
However taking the output signal from any stage rather than the conventional one (here Gn) requires a
gm-amp with two more output terminals (6 terminals altogether) in that stage. In such a case (8) will be
changed to (11).

1JST, Transactions of Electrical Engineering, Volume 35, Number E1 June 2011



A new structure for current-mode continuous time Gm-C filters

29

(1

St + fiy Jiz S ol inl
-1 Sty + [ S o2 | _|[Lin2
_1 Srn +fnn Ion inn
| FEEDBACK NETWORK | [ FEEDBACK NETWORK |
2
If1 lod i 1A lo1
r \} \j ] Ifn 4 \j o I b
all, o N ol Bl
in c1E | @ = 9 c3=F o | 9 lout TR T o2
" < ) — = ey
4 o .
b 71 | — lin 4L If1 o1 fi2
If1 lol li2 Ifn Iof
[ FEEDBACK NETWORK
| FEEDBACK NETWORK I
(a) (b)
| FEEDBACK NETWORK [
11 lol Ifn
\j \j 1
ci| |, ||, G,
i1 == .C-J = e =| @ 103
- . — i < /
L 1 /L —+ 3”4
If1 lol li2 13
| FEEDBACK NETWORK ]
()

Fig. 2. Selected I/O implementation of the proposed idea (a): general structure

(b): 2nd order filter (c): 3rd order filter

Although finding the general n-ordered transfer function of Fig. 2a is possible by solving (11) it is

very tedious and time consuming, thus in this work as an example the equation is solved only for 2nd and
3rd order filters as follows.

1. Second order filter: A Second-order version of the proposed structure with two possible inputs and
two possible outputs is shown in Fig. 2b. Solving (11) for n=2 obtains four different transfer functions, the
formulation and the types of which are shown in (12) and Table 1.

|:S2-2+f22 _flz j||:1in1j|
I, 1 St + fu . L,
= (12)
|:102} (Srl+f11)(ST2+f22)+ﬁ2

Table 1. Types of 2™ order filters realized by selected

1/0 method
1/0 choice IO] 102
L1 BP/LP LP
Lo LP BP/LP

Table 1 specifies that if, for example, the input signal is applied to the input port of the 2nd stage (Ii,;) and
the output signal is taken from the output port of the same stage, the proposed structure can behave like
either a BP or LP filter depending on the parameters values of the transfer function of this particular
choice, which is defined in (13).

STZ + f 22

(Srl +f”XST2 +f22)+f12
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2. Third order filter: The structure, formulations and types of the transfer functions of the 3rd-order
selectable 1/O version of the proposed structure are shown in Fig. 2c, Eq. (14) and Table 2, respectively.

Lo1 ay 4 ag inl
1
Lo =—x|ay, ay ay|1,,
o3 1 ay, ay || 1,; (14)

a :_fiz(st +f33)+ 13
ay :(S73+f33)

an:(S72+f‘22)(S73+f‘33)+f23a
a3 = fiofn _fls(STz +/ )’
azzz_fiz(S73+J{33)+ 13> a23=—f23(STI+ 11)+ 13
a32=(52'1+ 11)5 aszz(S71+.f11)(sz+szz)+ 12
D:(STI+filXST2+4f22)(ST3+4f33)+f‘23(STI+fil)+

A/{12(ST3 +f33)+ Jis

Table (2) shows that eight different types of BP and nine different types of LP filters can be realized by
this structure.

Table 2. Types of 3" order filters realized by selected I/O method

1/O choice IOI IOZ Io3
L BP/LP BP/LP LP
Lo BP/LP BP/LP BP/LP
Lins BP/LP BP/LP BP/LP

These examples show that selectable I/O method does not need any further components and is preferred to
those methods which add supplementary circuits to the basic structure. However, it cannot implement HP
and BS functions for which other methods should be examined.

b) Supplementary circuits' methods

Two methods are reported to enhance the all-pole transfer function of fully-balanced voltage-mode
and single-ended current-mode MLF Gm-C filters to arbitrary finite zeros type [7], [10] and [16]. They
add two different supplementary circuits to the main structure. Although the final structure becomes more
complex, massive, noisy and power consumptive than the selectable 1/O type, it is capable of producing all
filtering functions.

In this section we investigate the possibility of applying the same methods to the new structure as
follows.

1. Input signal distributing method: In this method, in general, the input signal is concurrently applied
to all nodes of the filter by a distributed network of G,,-amps, hence changing the overall transfer function.
Examples of realized structures for fully balanced voltage mode and single ended current mode filters are
given in [4], [16] and [10]. To apply the method to the new structure we designed a new distributing
network compatible with a fully balance current-mode topology as is shown in Fig. 3a. To derive H(S) we
follow the same procedure as obtaining (9), noting that here each node is also driven by distributed
network, hence matrix [B] of (5) should be changed to:

[B]:[Ot1 A o A anJ, a,=g,/8, (15)

While «;,g, and g, are the transmission factor of the input current of j™ integrator, gm parameters of
input Gy,-amp, and of j" G,,-amp, respectively. Fig. 3a also shows:

Iout:aO'Iin+]on’ aO =gd0/gr (16)
It is thus concluded that:
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a, |A(S) + Z:‘ajAjn (5)
)= = TGs)

In (17) Au(S) is j;h word of matrix [A(S)]. Equation (17) shows that the general structure and its
developed version have the same poles determined by 7, and fij coefficients, while the latter also

(17)

includes transmission zeros arbitrarily produced by 7,, fij , grand gg.
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Fig. 3. Realization of arbitrary finite zero filters by the proposed structure using methods of a) input current
distribution b) direct summation c) indirect summation of output currents

2. Output signals summation method: In this approach a supplementary network is connected to the
basic structure in such a way to provide an overall output as the sum of different nodes signal. Realization
examples of the method for other configurations can be found in [4], [7], [10], and [16]. However two
implementations of the method for the proposed structure are given in Figs. 3b and 3c. In Fig. 3b two
more output terminals are provided for each G,,-amp except the last one (G,). A summing network which
is arranged by parallel connection of these terminals sums up the output currents of different stages
forming the overall output current of the filter. Since both feedback and feed forward networks remain
intact, the basic structure maintains the poles and the summing network forms the transmission zeros of
the structure. Transmission coefficients can be determined by arbitrarily connecting or disconnecting the
respective pair of new terminals. The magnitude of coefficients can be obtained by the aspect ratios (W/L)
of the current mirror transistors responsible for new terminals. A negative sign when required is provided
by interchanging the related connections. The problem with this realization is inflexible. That is, neither
transmission coefficients nor design possible errors can be adjusted after fabrication. However it offers the
advantages of simplicity, small size, less consumed power and less noise.

The flexibility merit can be gained by using the circuit shown in Fig. 3c in which a summation
network is arranged by a set of G-amps shown as G,,-G,, and input current is no longer applied directly,
but through a new gm-amp (G;) to both the input G,,-amp of the feed forward network (Gy) and the first
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gm-amp (G,) of the summation network. As a result g, coefficients of G,,-amps of the summation
network can be automatically or manually adjusted to zero or nonzero values for different applications.
Summation network can also be wired up (connecting, disconnecting, interchanging) externally according
to the required transmission zeros. The problems with this approach compared to the former are: circuit
complexity, larger size, more consumed power and more noise. So one may choose either upon the
circumstances. To find H(S), considering Fig. 3¢ we have matrix [B] of (5) as:

[B]:[ro...x)]t , r=80 (18)
g,
Also, for I, we have:
Iottt:Boer[[/1+ZBJ]0J’szﬁaBOZ& (19)
J=1 g/ go

In which g,.-g,j and g,-gj are mutual transconductance of the Gy,-amps of the summation and feed forward
network, respectively. Referring to (6) - (8), (18) and (19) L, can be obtained by (20) in which 4, (s) is
the 1J" word of matrix [A(s)]:

A1_/ (S )

|A(SM in

Now using (19) and (20) we can find H(S) of Fig. 3c as (21) whose type is exactly the same as of (10).

1 o =T (20)

B, x ‘A(SX + Z B4, (S)
j=1

= - 21
I, |A(s) @D

Comparing (21), (17) and (9) shows that also here, the poles are produced by the general section of the
proposed structure while the supplementary circuit is responsible for the arbitrary finite transmission
ZEeros.

4. SIMULATION RESULTS AND DISCUSSION

To practically investigate the performance of the new structure, a 4™ order Butterworth LP filter is
designed. Based on what is explained in [9] and [16] ten different structures shown in Fig. 4 are also
possible for canonical MLF fully balanced current mode 4™ order LP filter.

All of the Gy-amps of the filter are configured as is shown in Fig. 5 with transistors aspect ratios
shown in Table 3. G,-amplifier is designed so that when biased by £3V power supplies, providing bias
currents of 45uA for differential amplifier (M;-M,) and bias currents of 225uA for output current mirrors
(Ms-Mg, M -Myg), and its gm-value is calculated as 185uS.

Table 3. Aspect ratios of MOSFETs that are used in the G,-amp

Transistor (W/L)
MM, 1/5
My, My, M, Mg, My, My, M, M 2/2
MS’M77M117M14’M167M17 5/1
Mg, M, 88/2
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Fig. 4. Canonical fully balanced current mode structures of 4th order Butterworth low pass filters
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The simulation values of the most important parameters of the designed G,,-amp when simulated with

ORCAD (9.1) using HP 0.5um CMOS N-well (CMOS14TB) parameters [37] are presented in Table. 4.
For a filter cut-off frequency of 10MHz , g, value of 185uS, time constants as are calculated in [31] and

by using (2), values of floating capacitors of C;-C, for all ten structures of Fig. 4 are calculated as

presented in Table 5. In Fig. 6 simulated frequency response of all ten possible structures are compared
with the response of an ideal filter of the same type labeled as (G,), showing the closest-to-ideal response
for structure no.2 in Fig. 4, thus henceforth it is chosen for investigation.
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Table 4. Simulation results of the used Gm-amp

Specification Simulation results
Supply voltage +3V
Cut- off frequency 175.751MHz
THD 1.1 %@3Vp-p,500KHz
gm 185us
PSRR+ 58.4db
PSRR- 34.8db
CMRR 82db
Noise Till 175.75Mhz 7.62 pa/\
Total at filter pass band 24.1nA
Power dissipation 6.6mW

Table 5. Capacitors’ values calculated for proposed structures of Fig. 4 while begin used to
implement the given 4™ order Butterworth filter

[ & [ C
1 | 2.25352pF | 3.846997 pF | 5.44048 pF | 1.593494 pF
1 | 544048 pF | 1.593474 pF | 2.253521 pF | 3.84699 pF
2 | 450703 pF | 4.643738 pF | 3.186953 pF | 1.126759 pF
3 | 5.02455pF | 5.48069 pF | 2.489438 pF | 1.126759 pF
4 | 5727676 pF | 2.638962 pF | 2.52872 pF 1.96632 pF
5 | 6.567232 pF | 3.38028 pF | 3.0047 pF 1.126759 pF
6 | 6.567232pF | 4.5070 pF | 2.25352pF | 1.126759 pF
7 | 7.6940 pF | 1.964976 pF | 1.88202pF | 2.64139 pF
8 | 7.6940pF | 1.88202P | 2.64139 pF 1.96407 pF
9 | 7.6940 pF | 2.72024 pF | 3.18695pF | 1.126759 pF
10 | 7.6940pF | 3.84699 pF | 2.25352pF | 1.126759 pF

100

-100
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AR14); o R1-5); + (R1-6); * (R1-7);
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100Hz 10KHz

1.0MHz MHz
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10GHz

Fig. 6. Comparison of frequency responses of filters which are shown in
Fig. 4 (R1-1 to R1-10) with an ideal response (G4)

THD behavior as well as simulated values of the most important specification of this structure operating at
+3V supplies are shown in Fig. 7 and Table 6.
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Fig. 7. THD performance of the simulated 4th order fully balanced current mode low pass filter

Figure 7 shows the great advantage of the new structure in rejecting even harmonics and reducing odd
ones producing a THD of 0.18% (-55db) while driven by an input current signal with frequency of
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500KHz and a p-p amplitude of 400pA (9 times larger than the bias current of dif. Amp., M;-M;). This
shows a nearly 6 fold improvement compared to g,-amp THD, thanks to fully balance scheme which also
significantly improved the PSRR, CMRR and DR of the filter. Using conventional definition for current
mode case [38] CMRR, PSRR+, and PSRR- were measured as infinite (here 600db due to the
predetermined resolution default of the simulation software) for the ideal transistors of the filter.

Table 6. Simulation results of the given 4™ order fully balanced current mode LP filter at Vs = +3volss

Specification Simulation results
Al 0.978
THD 0.18%@400uAp-p,500KHzZ
Ideal 600db
CMRR MC(WC)* 50.5db
Ideal 600db
+
PSRR MC(WO)* | 136.64db
Ideal 600db
PSRR- MC(WC)* 136.64db
4.5 pA/ i till IMHz
Noise 36 nA., total noise at
passband
D.R(THD=0.18%@]I;,=400uA ) 143.77db
Cut off frequency 10.4MHz
Power dissipation 45.3mW
*Monte Carlo (Worst case) simulation for 10% V, mismatches

To get a realistic understanding, Monte Carlo analysis allowing 10% mismatches for V; of the
transistors was executed showing the worst case values as 50.5 db, 136.64db, 136.64db for CMRR,
PSRR+, PSRR-, respectively (Table 6 and Fig. 8).

JANY
0 KHz, 80.9:
(10 KH; 56) " 72N 7
W/ “ \///.
\
% 7
(100Hz, 50.470)
30
1.0 Hz 100 Hz 10 KHz 1.0 MHz 100 MHz 1.0 GH
o v 4 0-DB(I(RI)/1(I1)) Frequency ()
200 [
|
(10 KHz, 155.615) \KA/
150 N ]
7
(100 Hz 136.642)
100
1.0 Hz 100 Hz 10 KHz 1.0 MHz 100 MHz 1.0 GHz
o v & 0-DB (IRIYV(V3:H)-V(V3:)) Frequency (b)
200 |
l
; | s
———(10 KHz, 155.615) p
Pa———
(100 Hz, 136.642)
100: |
1.0 Hz 100 Hz 10 KHz 1.0 MHz 100 MHz 1.0 GHz

o vao-Db (I(R1)/V(V3:+)-V(V3:-))) Frequency (c)

Fig. 8. Monte Carlo analysis of the fully balanced current mode filter with 10% variation of Vt
(The ideal pass is not shown) a) CMRR, b) PSRR+, ¢) PSRR
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To calculate DR, the definition shown as (22) is adopted [28], taking the values of the parameters
from Table 6 and Fig. 12.

The very high value of 143.8db is calculated for DR of the proposed structure at THD of 0.18%,
which is basically due to both the low value of THD and the noise of the fully-balance scheme. To
compare, the same filtering function is implemented and examined in two other favorite structures of the
group as follows.

signal )2 @ a%THD

pr= ( (noise)2

(22)

a) Single-ended current mode (SCM) structure

This structure is a well known frequently used one whose 4th-order LP version can be configured in ten
different forms [8]. They are realized and their frequency responses for Butterworth LP function with
10MHz cut-off frequency are shown in Fig. 9 [31]. It is worth noting that in this structure gm-amps need
only two output terminals resulting in a smaller size than that of the current work (Figs. 4-5).

’ N

40 AY
DB (A) of 0 (Ri-1); 7 (Ri2); & (R1-3); Y i

Lool—° Ri-4); + (R1-5); m (Ry-6); x (Ry-7);
LA (Ri-8); Y (R1-9); ¢ (R1-10); * (G4). \k
-160

1.0Hz 100 Hz 10 KHz 1.0 MHz 100 MHz 10 GHz

Frequency

Fig. 9. Frequency responses of all possible structures of single-ended current
mode version of the filter of instance

Both theory [4], [7], [8] and simulation (Fig. 9) show that the structure of Fig. 10 (labeled as R, in Fig. 9)
is the closest- to-ideal one (G4 in Fig. 9) and thus, is chosen for comparison. The values shown in Figs. 11-
13 and Table 7 are found for the SCM structure at the same conditions as of Table 6.

Fig. 10. Single-ended current mode structure chosen for comparison

Comparing Figs. 7 and 11 obviates that the new structure provides a THD which is 7.8 times less than
that of the SCM structure. Therefore, to sustain identical THD for both structures the amplitude of the
input current of the SCM is decreased to 40uAp-p(0.1of that of new structure). This point along with the
rather better noise performance of the new structure (Fig. 12) results in a DR value for the SCM which is
150 times less than that of the new structure (Tables 6 and7). The ideal values of PSRR+ and PSRR- of
the SCM structure is about 490db less than that of the new structure, while their Monte Carlo Worst Case
values are less, about 35-40db (Cf. Fig. 13 and 8). Although their behavior outside the pass band is of
much less importance, it is even worse in this area, reflecting the much better performance of the new
structure at higher frequencies (Fig. 8). On the contrary, the power consumption of SCM is quite less (2/3)
than that of the new structure due to the smaller size of the former one (Tables 6-7).
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1.0 mA

| i |
(500.00K, 187.849u)

100 uA

10 uA

(1.00M, 1.7898u)
i i
. /// (1.50M, 1.4560u)
O u

[IETNIN

100 nA
0 Hz SMHz 10 MHz
o -I(R1-2) Frequency

Fig. 11. THD response of the filter shown in Fig. 10

Table 7. Simulation results of the unbalanced current mode version of the given filter at Vs = +3volis

Specification Simulation results
Al 0.942
THD 1.32%@400uA,.,,500KHz
Ideal 111.6db
+
PSRR MC(WC)* 104.5db
Ideal 108.7db
PSRR- MC(WC)* 99.4db
Noise 8.9 pA/ VI till IMHz
44.24 nA rms total noise at pass band
DR @ (THD = 0.18%@1in=400uApp) 100.2db
Cut off frequency 10.95MHz
Power dissipation 30.4mW
*Monte Carlo (Worst case) simulation for 10% V, mismatches

30p

(31.985K|, 7.6175p)
(20.274 {8.9144p)
10p

7 AN
| o \

(1]7.682 , 4.5528p)

\«
N
1.0p

1.0 Hz 100 Hz 10 KHz 1.0 MHz 100 MHz 10 GHz 1.0 THz

0 o v (sqrt(v(onoise)*v(onoise)-ntot(r1)))/0.01

Frequency

Fig. 12. Noise comparison between new structure (L), single ended type (¢) and OTA (V)
b) Fully balanced voltage-mode (FBVM) structure

As is expressed in [7] this structure can also appear in ten different versions, while being used to
implement a 4th-order MLF canonical Butterworth LP filter. Among these versions the one in Fig. 14
shows the best performance and so is used for comparison.

To build the special gm-amps (with 4 input and 2 output terminals and Gm=185uS) of the structure
two of the Gm-amps used in the SCM version (Fig. 10) are combined with their output terminals
connected in parallel.

With filter cut-off frequency of 10 MHz, the following values are calculated for the capacitors [7],
[31];

C,=4.50703pF, C2=4.654738pF, C;=3.186953pF, C,=1.126759pF
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150 3 :
(302,940 , 111.620) %
i ! _ 3\\
100 A
(21488 , 104.500)
50 .
1.0 Hz 100 Hz 10 KHz 1.0 MHz 100 MHz 1.0 GHz
009 ao -DbIRI/(V(V3H)-V(V3:-) Frequency (a)
150

(365352 $108.761)

100

(56.125 1199.396 )

% |
1.0Hz 100 Hz 10Kz 1.0 MHz 100 MHz 1.0 GHz
00 v 4 0.Dh (IR1)V(V3:+)-v(v3:-))

Frequency (b)

Fig. 13. Monte Carlo analysis of single-ended structure (Fig. 10) in the same condition
as of Fig. (8), a) PSRR+, b) PSRR- (ideal pass is not included)

L\ Hit L\
Vin 2 c1+ 9 |c=F +$ 3T | @ (C4= Vout
- 1 T =

Fig. 14. Fully balanced voltage mode counterpart of the new structure

Frequency response simulation of this structure compared with the ideal response of the type is shown

in Fig. 15 and the simulation results of its most important parameters are shown in Table 8 and Figs. 16-
18.

-0
-100
=200 \
1.0 Hz 100 Hz 10 KHz 1.0 MHz 100 MHz 982 MHz
o Db (V(1,2)/(V(V3:+)-V(V3:-))) o Db (I(G4)/1(13)) Frequency

Fig. 15. Simulated frequency response of; []) the filter shown
in Fig. 14 compared with ) the ideal response
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Table 8. Simulation results of the fully balanced voltage mode version of the given filter at Vs=£3V

39

Specification Simulation results
Av 0.9601
THD 0.42%(@2.85V,.,,500KHz
Ideal 600db
CMRR MC(WC)* 36.96db
Ideal 600db
+
PSRR MC(WC)* 45.36db
Ideal 600db
PSRR- MC(WC)* 41.1db
Noi 74.7 nV/VE= till IMHz
oise -
2720V s total noise at pass band
Cut of frequency 10.868MHz
D.R THD=0.18%@Vin=2.15Vpp) 137.7db
Power dissipation 52.9mW
*Monte Carlo (Worst case) simulation for 10% Vt mismatches
> ésoo.éox(, i.418|2)
1.0 Vi
(1.500M,5.9145m)
LOMV = ——
104uVv
0Hz 5.00 MHz 10.00 MHz 15,00 MHz  19.93 MHz
a V(1,2)

Fig. 16. THD response of the fully-balanced voltage mode filter of Fig. 14

As an important technological advantage, the components count of the new structure is about 2/3 that
of the FBVM version which results in; integration easiness, chip size and cost reduction, as well as less
power consumption (here 20%), however, this condition is reversed compared to the SCM structure.
Better input tracking (gain of the filter) at pass band and more attenuation at stop band (cf. Figs. 6, 9
and15) are other merits of the new structure

The most important parameters in comparing filters efficiency is believed to be; Power Dissipation
(P), (characteristic) Frequency (Fo), Tuning Range (Af), and Dynamic Range (or S/N at a specified level
of THD), while CMRR and PSRR are especially important in mixed-mode chips. To encapsulate all these
factors a parameter called Figure Of Merit (FOM) is defined [20], [24]. This is very usual in analog
continuous time circuits, contrary to digital circuits that work based on discontinuous time signals [25].In
this work, since (Fo) is intentionally set fixed and equal for all three structures, we have expressed FOM
as:

(DR @ 0.18%THD)x PSRR xCMRR
P

FOM = (23)

In (23) the PSRR is the average value of PSRR+ and PSRR- which are very important parameters in
mixed-mode where filters are integrated on the same chip with digital circuits.

In Table 9 the most important parameters of the new structure and those of two other implemented
ones (in this work) are compared with the reported parameters of some other close works. Other works are
included just to further widen the extent of comparison, while only one of which (in addition to those three
types simulated in this work) is claimed by the authors (and implies the structure) to be MLF and the rest
are (at least) differential Gm-C (mostly CM) types. For further reliable results, either fabricated structures
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or those with Monte Carlo simulation results are chosen (with the exception of [15], the only CM. FB.
MLF one and [21]). Since the reported results of other works (with the exception of current work) are
neither complete nor belong to the same parameters, for a fair comprehensive comparison, four FOMs
other than (23) are defined as follows:

CMRR xPSRR x F, CMRR x F,
FOMI = 0 , FomM2=—"-—"2 (24)
THD x P THD x P
F, xN xDR F xN
FOM3= 02— — , FOM4= b
P THD x Noise x P
100 /I
/4
2K 74
(10K, 48.745) /BN 24
e . /4 \\ N
z & i S = \/
(10K, 36.955)
10.01-12 100Hz 10KHz 1.0MHz 100MHz 1.0GHz
0o v aAo=-db(V(L1,2)/(V(V4:+)))
Frequency (a)
100
(10K, 59.860) /4//
iy <
50 e
= X
Wi
(10K, 45.364)
lo.OHZ 100Hz 10KHz 1.0MHz 100MHz 1.0GHz
©V AO-=db(V(1,2)/(V(V6:+)-V(V6:-)))
Frequency (b)
100 A
A
(10K, 56.507) — /.74
&5 —— <\ g~
— \v\ v
(10K, 41.104) v
) !
1.0Hz 100Hz 10KHz 1.0MHz 100MHz 1.0GHz

© v Ao -db(V(L,2)/(V(V6:+)-V(V6:-)))

Frequency (c)

Fig. 17. Monte Carlo analysis of fully-balanced voltage mode structure in the same
conditions as of Fig. 8, a) CMRR, b) PSRR+, c) PSRR-

(1.00M, 77.2n) (10.0M, 103.4n)
100nV/| p———
1nV
1 10M 100M
Frequency

Fig. 18. Noise response of fully-balanced voltage mode structure
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They are used to evaluate the overall performance of [13], [21], [15 and20], and [22] while current
work structures are evaluated by FOM of (23) and FOM4, since the latter is the only one which includes
the value of noise. The table shows that FOM of the new structure is 1763000 times and 509500 times
better than those of single-ended Current-Mode and Fully-Balanced Voltage-Mode structures,
respectively. It is from 8500 to 451274 0 times larger than other works (3456100 times larger than another
MLF one reported by other authors [15]).It also shows that, the new structure has integrated the fully-
balanced scheme advantages such as; less THD, larger CMRR, PSRR and DR with the current-mode
superiorities resulting in much larger improvement for those advantages which are in common in both
fully balanced and current mode schemes.

Table 9. Comparing important parameters of single-ended current mode and fully balanced voltage mode
filter and some other close works with those of proposed structure.

Ref. No. [13] [15] [20] [21] [22] CM, Single VM, FB CM, FB
ended  (This| (This work) | This work
work) (Proposed)
Filter type [3™ order VM,FB,| 5™ order, |3™ order, CM,[3™ order, CM| 13%order, | 4™ order CM- | 4™ order FB- | 4™ order FB-
Chebyshev CM,FB, Dif. Dif. wave CM, dif. MLF VM-MLF CM-MLF
MLF Butterworth Active wave active
Technology| Fabricated in 0.18um Fabricated 0.35um Fabricated 0.5um 0.5um 0.5um
0.18um 65nm 0.35um MC)! (MC)! (MC)!
FO 150K~ 23MHz |28M~44MHz| IM~4MHz |1M~10MHz| 4.IMHz 10.95MHz 10.868MHz | 10.4MHz
CMRR -37db NA NA -90db~ -50db NA NA 36.96db 50.5db
PSRR -35db NA NA NA NA 104.5db 45.36db 136.64db
THD ]0.25% -0.63% @|1% @10MHz|1%@277pA@)]|1.78%@Iin=| 0.5%@500K | 1.32%@400uA | 0.42%@2.85 [0.18%@400u
Vin=100mV | @lin=600pA| 100KHz 64pnA Hz p-pS00KHz | Vp-p,500KHz|Ap-p,500KHZ|
DR NA 62-67db 74db~68db NA NA 100.2db 137.7db 143.77db
@Vin=0.5V
Vsup NA NA v +2.5 +2.5 +3 +3 +3
Power 18mW 67mW@30M 9.6mW 14.8mW 178mW 30.4mW 52.9mW 45.3mW
Hz
Noise NA 2700v/VHz | 40pa/vHz NA 125domM 1 g o A/VHZ |74 7mv/VEE | 4.5paA/VHz
17.8n/¥ H=
439X 10" | 1.52x107 | 7.75% 10"
FOM (FOM) (FOM) (FOM)
8.07x10™ 4.1x10™ 3.14x10"7 1.2x107 | 1.66x10" | 2.467x10™ 7.19x10™ | 1.417x 10"
(FOM1) (FOM3) (FOM3) (FOM2) (FOM4) (FOM4) (FOM4) (FOM4)
1) - MC = Monte Carlo Simulation is performed to get the results
5. CONCLUSION

In this work the fully-balanced current mode version of continuous-time MLF Gm-C filters is successfully
implemented. The theory of its operation is thoroughly developed and precisely formulated. The block in
its simplest form performs an all-pole transfer function. It can also perform BP functions using selectable
I/0 method. The claim has been proved by examples. Besides, by some minor modification it gained the
capability of performing all conventional filtering functions using methods of input signal distributing, and
output signal summation.

Structurally integrating the fully-balanced topology, current-mode discipline and MLF Gm-C scheme
provided the new structure with such outstanding advantages as: extremely large PSRR, very large
CMRR, very wide DR, extremely low noise, very low THD, extremely better FOM, low consumed power,
low level power supplies, small size, systematical development to any order, better input signal tracking at
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pass band and more attenuation at stop band. To practically study the performance superiority of the new
structure, a 4th-ordered Butterworth LP filter has been implemented by both the new structure and two
other leading structures of MLF Gm-C filters; unbalanced current-mode and fully-balanced voltage-mode
types. These three types are compared together and also with some other differential Gm-C filers
(preferably current-mode MLF types although so far very few have been reported). The results are in good
agreement with the theory and strongly support the superiorities of the proposed structure.
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