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Application: G_-C filter of few Hz cut-oft

= Bio-Medical applications:

o Pulse rate of a human body is 72 pulses/min on average.

o Hence, to isolate and detect our pulses from environmental noises
in electronic systems, low pass filters of cut-off frequency in Hz is
needed.

o This is how we can reduce the out of band noises and interferences
by low pass filtering.
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Cut-off frequency of Gm-C filter

- (vin - vout) * Oy = Loyt

Again,

" Vout = lout * (SCload)

Hence, (vin i Uout) G Gm = SCloadvout

1

" Vin * Gy = (SCload + Gm) * Vout

g Yout __ 1
T sC
b poaa
m

oHence, DC gain= 0dB
Gm

2TC0ad

Hz

o Cut-off frequency of the filter is :
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Figl: G _-C filter using voltage follower
configuration




Block diagram of G_-C filter

G
J Cut-off freqg=—=
21Cload
= | Voltage | Main Vout
Jd For 70Hz, C, _,=1pF , | promaser [Yot | Tans
G, =0.4TnA/V. llout
i i 1 "
Gm M e SOUE Attn.factor (—) =T Coag
Vid  Vim k DC
JVoltage attenuator at input stage - N
reduces G, Fig2. Block diagram of G,,-C filter

[ 279 stage Trans-conductor: Input: v, (voltage), output:I_ . (current)
4 All transistors in G_-C filter are in sub-threshold region.
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Cross-coupled trans-conductor design:

101=11+I3&102 =12+I4_

11 ex p( Ss1~ le)

EXp(vSS}lV;mZ) Xp( )

exp(vssz Um2

im

exp (”ssivzm1) Tl (TLVT)

Now;
ex ( ) 1 ex (_vim) —ex (v‘m)

=1 PA\v, PA\2nv; P\Znv; ~ tanh(lmy
11 + 12 ZnVT

V:
= 11 - 12 —_ _1551 tanh <2nl'717/lT>

S T i e
3 4 SS2 ZnVT

’U.
Dog = 1o1 —1py = (Issz o 1551) tanh <27:1‘7;T> v

(L)
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Inputs of the trans-conductor: v, & v, ,
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Fig3. Cross-coupled Trans-conductor




Voltage attenuator design:

] DC Analysis:

Assume all g_s & I,. s are

bias
equal. Hence,
L=L=I1 &, =1, =I
Now, for DC analysis, V,=V,
By symmetry,

V.=V, =V_ &

V=V 1=V o=V, i

Fig4. Normal voltage attenuator

Fig ref: Sawigun, C.; Pal, D.; Demosthenous, A., "A wide-input linear range sub-threshold transconductor for sub-Hz filtering," in Circuits and Systems
(ISCAS), Proceedings of 2010 |IEEE International Symposium on, vol., no., pp.1567-1570,2010
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Voltage attenuator design (Ctd.)

Va b s

(] Small signal Analysis:
Assumed all g_'s are equal. gm1(va-v1)G> Ung% 1fgm3§ 1[gm4§ 1)’gm5§ G amélve-v2)
> (Vg=1) + (v — v3) = 0 o i
&5 Wa = v) = gm0 = v2) BEHHBESI sHuBBaEAHGEa HNRRdRGG:

2 NENENENE ST T T o
|:>(va—vb) — 5 (vl S vz) ..... (3) ............................................................

. Om Fig5. ac equivalent of voltage attenuator

Agam,T (Vg — V) = gm(va — Um1) = Im(Vmz — V¢)
By solving: v,,,; — Vyp = U“;vb ....... 4)
From (3) & (4), Vi — Vo = Vi = ”1;”2 = ”lij ............. (5)

Attenuation factor for one stage attenuator = (/).
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Overall trans-conductor

From (1) & (5),

loa = (Iss; — Iss1) tanh (2:;‘1/71) &

Gm s (Issz2—1ss1) SeChZ (VL) Ras (6)

2knVp 2knVr

Gm variation with input amplitude
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From Simulation: I.; = 4nA, I, = 5.23n4,k = 3

\ \ \ 2 | | \
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From eqn(6):G,,=0.47nA/V. From simulation, fapor smpliuie (V)

=

Fig6. G,, variation with input amplitude

G, has almost constant value:0.4637nS upto 140mVpp.



15t order Gm-C filter response

1o+ ff*_;élékéﬁfcﬂﬁ—voﬁ é

Fig7. Closed loop G, -C filter

Cut-off frequency, f, =

For G_=0.463 nA/V , C, _s=1pF ,Theoretically cut-off frequency, f ,=70.53Hz.
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Fig8. ac response of the G, -C filter
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HF linearity 1ssue (coherent sampling)

— df(VT("fout_final"y - 0.701)5 7.9 512 "Rectangular” 1 dftCoherentGain{"Rectangular” 1))

107 1073
0(0.0, 2.406x 1074
-2 10_4_
. T _ Freq=10Hz Freq=1MHz
0(10.0, 8,376x1073 oS
o8 M00, 782:10°% Amp=20mVpp Amp=20mVpp
- DC offset=78uV 10 DC offset=0.24mV
1077
—_ 10_5_ —
7 2 108
. 1{20.0, 3.728x107% s =
1078 1(1x108 3.746E-10)
1079
-7
1077 .
1075 1074
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FiglO : FFT Analysis (Log Magnitude vs frequency) with coherent sampling Nyynpow=29: Nrecopp=512
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High frequency Interferences

® Input stage offset is critical, as it is amplified at the output stage. So, we want to reduce
offset at input stage, Voltage Attenuator.

= Unity gain configura-

Wa
tion at high frequency + Vaout
Vour = Vi = Vg vb| T
Hence, CM interference, @ =4 m
: Y =
Vi = Vg tVp bk VDC + Vemi S

2 2

Vim = Vg = Vb = Ve voe (F) r

= It behaves like open loop
With both CM & DM

— CM interference

Interferences.DM inter-
ference can’t be avoided.
= CM interference effect at output can be made zero by proper biasing technique.

Figll. High frequency equivalent circuit T T

interference
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CM & DM Interferences

Figl2:Voltage attenuator
s [ Vo1,cm
CHL T Vam=0
Vo1,dm
. )
H am Vam /2 cm=0

& Vo2 = HempVern — Havyg
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Ibias +

CM half circuit —




Offset issues in front end Attenuator

Let, x = Asin(wt)
For 2" order harmonics at output:
2
x% = A%sin®*(wt) = A? (1 — cos(2wt))

Hence, 2" order harmonics give DC offset that can’t be removed by low-pass filtering.

1'I.""!:I.I.I+"|"|I:'
Offset 1: H_.v..+Hgvy +offsett
due to second order term : a,(H . v..+Hv )2, Front end
Attenuator
OffSEt 2: Vem™Vd H..V.-Hyvy +offset2
due to second order term : a,(H_V.,-Havy ),

Hence, Offset 1 & Offset 2 are significantly different values from each other.



Offset 1ssues in front end Attenuator

This offset will increase further in second stage, where differential input is amplified by a
high gain factor.

Let, net output v ,,=G*{(Offset1-Offset2)+2H v} , G: gain of second stage= high
= Draws huge offset at output.

= Hence, elimination of offset

at the 1%t stage is important.
Offset 1 :
dueto:a,(H_ v. +Hv,)?,
Offset 2 :
due to : a,(H. v

2
cm cm_HdVd) ’

Front end
Attenuator

H. Vet Havy +offsetl

+
W

m

HopmVeor-Hgvy +offset2

Main Amplifier

Solution : as H, #0, we can make H_ =0 for Offsetl = Offset 2.

By this, v, gets rid of any DC offset.
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Reduce CM interference:

Outputs of attenuator: v,y = HypnVe = Vyy = v, (say) {as vy, =0 here}|

KCL at node s; (7),v,; (8),5s, (9):
(SCgsl + gm)(vc 2R vsl) + (gm + SCgsZ)(vo 1 vsl) b SCTlvsl (7)
(gm + SCgsZ)(vo o vsl) + (gm + SCgs3)(vo B vsz) + SCTZUO =0 (8)

(gm + SCgsS)vo = Vs (gm + S(CgSS + Cr3)) (9)
From (9), find v_, & Put in (8):

Vg2

2 —Cas2Cas3 =
(gm+SCg53) N A N R
Vo1 ng-l_s(cgsz+CgS3+CT2)_gm+S(Cg53+CT3) e O ]
L === CT2
1
; (Gm+sCgs2) H R Rt
Put v 1n(7)H _ Vo1 _ (5Cgs1) —
: T Ve (Gm+SCys2)— 2gm1+S(CT1+6951+6952)(2 +5(Cys2+Cgs3+Cra)— (gm+ngsg)2
Mot g2 (g9m+sCgsz) l Im TN gs2 g3 T2 g +5(Cgsa+Cra)

* Observation: H__ decreases if C;; & C; decreases. We want to minimize Cq; & Cops.

" CrmCuptC1tCh s Cra=Cyst Cy/2
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Reduction of CM interference(Ctd.)

GND fgumegate drain
" Cri=CqptCy1tCap2 s Crs=Cypat Cyp/2 ] T ! L::l:'.l X
= We want C_, =0, but in twin-tub CMOS process, shorting I) = a= CLM = l)
S to B causes high well capacitance (Cgyp) at source. \ gg n-well ;
w p-substrate ;
* Hence, one auxiliary pair source node(V,,) is connected to (J (j
to bulk of main pair. This is Source-buffered structure. ﬁ* |

C.11Cy. sees almost same potential across it. Though  Figl4: vertical p-MOS, Figl5: Source-buffering

these two potentials are not exactly equal, but voltage vdd
across C;+C,,,, 1s very small, causing it to be a e
virtually shorted. y v V2 T

= In advantage, S & B of main pair are decoupled. : h_l S M“ h_l S MII
Figl4 Ref: Jingjing Yu; Amer, A.; Sanchez-Sinencio, E., "Electromagnetic Interference Resisting M1Main pair MSAUX pair 4

Operational Amplifier," in Circuits and Systems |
:Regular Papers, IEEE Transactions on, vol.61, no.7, pp.1917-1927, July 2014
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Common mode Transfer Function (H

Vdd Vdd Vdd Vdd

Cext EBSS;C’( Cwé%ﬂ Ce\?gljigext |
Lo S

Vdd

Figl7: Proposed Attenuator structure

€, = Cgsl + Coxt

Vy

Cm)
Cﬂ— CT3f2
VB
CJ_ CJ_ (Q
OmVx1 ImVx2 —|_V
——Cp1+Cgp2 ) = ) T Cses
Cri—= CT3f2
Vc Vp
i T o @
OmVgst OmVgs2 —I_VE Vgs3

ImVx1 = 9mVgst T GmbVbs1
ImVx2 = ImVgs2 T GmbVbs1
ImVx1 = 9mVgs3 T 9mbVbs3
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Figl8: ac equivalent model of Half
Circuit for Common mode inputs

17




Calculation for CMTF (H

Applying KCL at A,B,C,D,E, X nodes, we get six equations.

By solving these equations, we get:

H,, () = (ﬁ) _ Q2Y¥1-01Y2
em V1 a1Bz2—azf1

Here, o, a, ,B1, B, ¥y, ¥, are constant values at very high

Frequency, coming from parasitic capacitances & C;.

By making , H_(0)=0, we find a quadratic equation of C;.

By solving the equation, (C,;=C,;+C_,, ) we find:

ext

Cext = 95fF

Adding this amount of external capacitance will make H
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cm)

Vy

on L

Vg

- gmvg OnVso —|_V CJJ_ @

CT2 prm—

Qm gst OmVgs2

e
Te T

CT3f2

— Cebs

Vp

21

CTE_

Fig18: ac equivalent model of Half

Circuit for Common mode inputs

= 0 at very high frequency.




Comparison I (100mVpp)

EMI Induced DC offset v& Frequency for 100mVpp EMI input

20

10

-
=T T T T T 1 T T IT] T T 1 T TTT]
' oo ' ' [ A ' ' oo

—&— (Gm-C Filter(Voltage Attenuator with Cross coupled Trans-conductor)
—+4— Proposed Gm-C Filter

I offset (m)
=

L
=

201 F1g19 EMI mduced DC offset vanatmn
with f;requency for IOOmVpp input Slgnal

i \.||||||| i |||||||| L1 1l L1 10 0illk

-30m | I|||||||
10’ 10°

10°

10*

10° 10° 107
Frequency (Hz)

10°

= Upto 100KHz, offsets are
almost same as parasitic effect
comes at high frequencies.

= Upto 100KHz, EMI induced
Offset is very low(~uV). This
proves good linearity of the fil-
ter at low frequency.

= Proposed Gm-C filter shows
small offset even at high freq
due to its immunity to CM inter
ference.

= Acc to calculation, offset will
reach zero at infinite frequency

= In frequency range [10Hz-100M[Hz], Maximum EMI induced offset (Magnitude): (i) Voltage attenuator with
cross-coupled transconductor based G_-C filter:: 1.996% (ii) Proposed G_-C filter:: 0.459%
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Comparison Il ( FFT: 50mVpp, 1MHz)

— 4fe(v{"fout_final" result "tran—tran") - 0,701y 0,017 0.017029 512 *Rectangular” 1 dftCoherentGain(*Rectanguld] e il e el fiest  Tan=tan’y = 0,001 . 107 G0l7IEs 512 TRaetmgular 1 eutoraam el asmmrgul
1072 1073
/I/,Ml(o.o, 1.908x10°3
1073 Fig 20:Voltage attenuator with 10'4\ Fig 21: P d EMI
- 1 : YOpose
Lo cross-coupled trans-conductor . 0(0.0, 4.606x1073 R g isti (1‘: C Filt
E . — esistin m- 1itex
based Gm-C filter + g
-5
o 10 DC offset=0.46mV
oliset=VU.4om
e DC offset=1.908mV
_ _ 1074
2 1077 &
= = 10_8_
1073 0(1x108 B.348E-10) /1(1)(106, 4.734E-10)
-9
1073
1072 /vI :
1
=t 10
-1
HHHHHHHHHHHH‘H LY T \
, i I
0 2.0 4.0 0 2.0 4.0
[7.379E6| 1.8692E-11 ~0(ES) § N'3241E6[ 8.2857E-12 e

Coherent sampling: f. =1MHz, Nymnpow=29; Nrrcorp=912 : irreducible. DC Offset is reduced in EMI resisting filter.
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Comparison IlI (1MHz)

EMI Induced D offset variation with input EMI amplitude (1MHz)

on . ! ! ! = ! ! ! ! a
I —F— Gm-C ﬂltelr (Voltage attenuaturlwith cross-coupled I'I'ranscunducmr} I

7____Jl_l ___________________ I__JI —+&— Proposed Gm-C Filter R

| Fig22: EMI Induced DC offset variation . . -~ S N

(5]

I offset (m¥)
.

[=%]

with input EMI amplitude at 1IMHz

U JUp R R R Uy R iR R [ I S N —

40 50

60 70 a0

Input EMI amplitude (mVpp)

» For non-lineatity of the filter
at high frequency, DC offset
is high. Let, v;,=Asin(wt). ie.

2 A? :
Vin = 5 (1 — cos(wt)) .This DC

Offset is high when amplitude
is high as seen in figure.

» But, by making H__ (<)=0,
we are reducing non-linearity
of the filter at high frequency.
» Thisiswhy at f > GBW
(f=1MHz here), this proposed
filter is much immune to
Electromagnetic Interference.
(CM interference precisely)

With input amplitude, EMI induced DC offset increases. Rate of increment is less in proposed Filter.
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Conclusion

* Advantage:

oFor out-of band EMI frequencies, when parasitic capacitances
come in picture, EMI induced DC offset becomes a
challenging issue. Hence, This approach for EMI resisting
highly linear sub-kilohertz G_-C filter is noble in this field.

* Disadvantage:
o Added power dissipation
o Transistor area increment
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Source buffering

* We want to make H,_=0 & accordingly we’ll choose C;

» KCL at node C(10),E(11),D(12):

2Vps1) = SCr1V4 + S(Cps1 + Cr1)Vpst -(10)
(11)
(12)

(ngs + gml)(vl + vp — 2V, —

(2vg = vp = vc)(5Cys + Gm1) + SCravE = 0

Cps2tCr3 G

(vg —vp — vbsz)(SCgs + 9m1) =S Upsz2 T+ S%”B

Solving (11) & (12) to omit vg:

[[gm +s {Cgs + %}] [ng + S(ZCgSZ + CTZ)] - (gm + SCgs)zl * (Vpsz +vp) = (V4 + vbsl)(gm + SCgs)2

Put v; value from(12) in (10):

(5Cys + Gm1)v1 + Vpso [gm +5 &Cgs + %}] + vp [gm +5 {Cgs + %}] =
Va2Gm + 5(2Cys + Cr1)| + vps1|29m + s(2C4s + Cry + Cop1)]
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V4

Va B
sl @ L, cl
QmV 1 Qmsz —l_V —|_ mV 3
- CT2 =
—Cgp1+Cgpo ) = ) T Csea
Crim== 1 CTSJ’Z

Ve Vb
ImVgst OmVgs2 —I_VE mVgs3

CTE_

Figl2: ac equivalent of the CM Half circuit

(13)

(14)




Now, KCL at A(18), B(16), X(17):

(sCi + gm) (Wi + 1) + 2gmp + SChs1)Vps1 = [29m +SQRCy +Crdlvg (18)
Cs C

(sCy + gm)vx + (gmb1 + STI’Z) Vspy = (gm +s (Cl + %)) B s (16)

[ng + 5(261 + CTZ)]vx + Imp (vbsl + vbsz) = (vA + UB)(gm + SCl) ------- (17)

For minimizing,we assume:

Vpso2 = Xov1 + Yovp + Zyv,4 where, X, =

Vps1 = lel + YlvB + ZlvA where ,Xl =

MUpsy + Vg) = N(Ug + Upg1) coeveveienriinsiiieaiaeraiens

Pv; + Quyeo + Rvg = Sv4 + Tvpsq

A(Ul + Ux) + Bvbsl o CUA ....................................

DUX + Evbsz = FUB ................................................

GUX + H(vbsl + vbSZ) - I(UA + UB) ..................

Solving (13.a) & (14.a):
NP
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MP

e (13.2)

venresennennss (14.2)

=(85=T)

(TM-NQ)’ "2~ (TM-NQ)' "2~ (TM-NQ)

_ ME-Q)
(TM=NQ)" 17 (TM=NQ)’

Csp2+CT3

M = [[gm +5{Cps + 222N 2, + (26052 + Cra)] = (gm + scgs)z] ,
2
N = (gm+5sCys)

P = (5Cys + Gmr), @ = |gm + 5{Cps + 2], R = | gy +5{Cps + L}

S =[2gm+s(2Css + Cr1)] T =[2gm + s(2C4s + Cr1 + Cop1)]
A= (Scl + gm):B = (ngb + SCbsl)

C = [2gm +s2C, + Cry)), D=(sC; +gn), E= (9"“’1 N SCZbZ)'
F = (gm +S(C1 +%))

G =[2gm +5Q2C + Cr)l, H = gmp, I = (gm + 5C1)

_ —(TM=NR)

fa

(TM—-NQ)
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At high frequency (s—«), we find the following:
N 35
* ¥ g Cspat+C Cspo+C
(TM—NQ) (zcgs+CT1+csb1)[(Cgs+“’+“)(zcgs+cn)—c§s]—cgs(cgs+%)

_=N(S-T) Csp1*CSs

| = ==
2 (TM_NQ) (ZCgS+CT1+C5b1)[(Cgs+%)(zcgs+c7’2)_cgs]_CES(C95+CSb2;CT3)

C C C
b —(TM—NR) 8 Cés(Cgs'F%)_(ZCgs'l'CTl+Csb1)[(Cgs"'W)(ZCgs"‘CTZ)_C‘;s]
27 (TM=NQ) (ZCgs+CT1+Csb1)[(%ﬁm)(zcgﬁcn)—cgs]—Cgs(cgs+%)

2

MPp (Cgs+W)(2CgS+CTZ)—C55 Cgs
= X =——— = i !
TM—-NQ (ZCgs+CT1+CSb1) (Cgs-l_w)(zch"'CTz)_Cés _ 55“&(}5"‘%)
- _ MR-Q) _ 8 :(Cgs+m>(2Cgs+CT2)—C55: *CTZ"S
oy (2C95+CT1+Csb1)_(Cgs+%)(2Cgs+CTz)—C‘5$_—C‘és(cgs+m)
i (%ﬁ%)(zc‘gﬁcn)—cﬁs #Copy
g Zl:TM—NQ= T : -1

c +C C +C
T3 L o T3
(zcgs+cT1+csb1) (cgs+ sb2_ )(zcgs+cT2) CZg c55<cgs+ sbz_ )

All terms are independent of C,
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Put equation(19) in (15.a): v, (A + BX;) + BY;vg + Avy = (C — BZ{)v,
Put equation(18) in (16.a): Dvy + EX;v, + EZ,vy = (F — EYy)vg
= Put value of v from first equation in second equation: a,;vg = [f1Vx + yiV1 (20)

From (18) & (19), put values v, ; & v,z In (17.2): ayvp = [ovx + Y24 (21)
IBY. H(Zy+Z3)BY- AH(Z1+Z5) Al H(Z1+Z,)(A+BX;)  (A+BX{)I
Where, ¢, = [1 42 C—le —HM +Y) - ;—B; 1] P2 = [G ¥ C—113212 i C—BZl] ' ¥2 = [H(Xl +Xp) +—— Cfle == c—le1 ]

From (20) & @1): () (Bivx +¥1v1) = Bovx +Yomn

H o = a2¥1 — A1Y2
T ayfy — a4
For H =0, we find: > Y1 — a1y2=0

= [I(C — BZy) + IBY; —H(Y; + Y,)(C — BZ;) — H(Z; + Z,)BY;]| * [EX,(C —BZ;) + EZ,(A+ BX;)] =

[(F = EYy)(C = BZ;) — EZ,BY;] * [H(X;y + X5)(C = BZy) + H(Z; + Z,)(A + BXy) — (A + BX;)I]
1st texrm: [I(C — BZ,) + IBY; — H(Y, + Y,)(C — BZ;) — H(Z; + Z,)BY,] divide numerator and denominator by [order of
max(num, den) = 2], we’ll find the term is simplified to: [(C;)((2C; + Cr1) — Cps1Z1) + C1Cpsi Vi)

2™ teym: [EX,(C — BZ;) + EZ,(A + BX;)] divide numerator and denominator by s? gives:

Cs
sz Z5(Cy + Cbs1X1)]

[Cszbz Xz((ZC1 + Cr1) — Cbslzl) +
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31d term: [(F — EY,)(C — BZ,) — EZ,BY; ] is simplified by dividing num & den by s? and put s—

: ’((C1 + %) e (Cszbz * Yz)) ((2C1 + Cr1) — (Cbslzl))] = (Cszbz) (Cps1)Z2Y;

4t term: [H(X; + X,)(C — BZ;) + H(Z; + Z,)(A + BX;) — (A + BX;)I] is simplifed by dividing num & den by s? and put
S [—(Cp + Cps1 X1)(Cy)]

Ci(4Xy+2Z, —2) +
C1{((2Cr1X3 — 2Cp51Z1X5 + 2C1X1Z3) + (Cp1 — Cps1Z1 + Cpi Y1) (2X5 +Z5)) — (Cpy — CpsiZy — Cps1Z3Y 1 + 2Cp1 X )} +
Cr1— Cps1Z1 + Cps1Y1 Cr1Xy — Cps1Z1X5 + Cp1X1Z5 — Cps1X1(Cr1 — Cps1Z1 — Cps1Z3Y1) = 0

This follows the form: aC,;> + bC; + ¢ =0
From DC simulation: C,;=7.05fF , C,,,=17.14fF , C,,,=17.02fF, C,=10.46fF , C,=10.47fF , C,=10.47fF , g,=42.4nA/V

Hence, putting the values in all equations, a = —4.03,b = —2.53* 107> & c = 4.12 x 107%°

2.53%10715 — /(=2.53%10715)2 + 4% 4.03 *4.12 x 1026

Ci= =100.79 fF

! 2 +4.03 /

* C; = Cys + Coxt ,Here, C=7.05fF , = Copr = 93.74fF

* We consider, Corxt = 95fF RETURN
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Infinite frequency for 15 term:

1st term:
[1(C — BZy) + IBY; — H(Y; + Y,)(C — BZ,) — H(Z, + Z,)BY,]

~r (gm + SCl) [ng T S(ch + CTl) - (ngb + SCbsl)Zl + (ngb + SCbsl)Yl]
T [gmb (Y + Yz)(ZQm + 5(2C; + CTl))] —[9mp(Z1 + Z3)(2gmp + sCps1)Y1]

The critical frequencies above which (at least 10 times) we are considering the approximation of s—=e< s valid:
Im 42.2n

i — 67.48 KH
D "= To0797 Z

= 64.27 KH
(u) 2C, CT1 Z

2
i) 29 — 749 KH
Cbsl
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Infinite frequency for 29 term:

2nd term:

[EX,(C — BZy) + EZ,(A + BX,)]

Chs
=(Gmp1 + 22) [X,{20m + S(2C1 + Cr1) = @Gump + 5Co51)Z1} + Z5{(gm + SC1) + (2gmp + SCos1)X1}]

The critical frequencies above which (at least 10 times) we are considering the approximation of s—o< is valid:

ngXZ kYR ngbzl
() — 71.33 KHz
(2C; + Cr1) Xy — Cps1Z4

120X
(ii)(gm Jinh 1)=67.16KHZ

C1 + Cps1X,
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Infinite frequency for 3 term:

31d term:

[(F — EY,)(C — BZ;) — EZ,BY,]

Cociigs
= [{(Qm + gmpYz) + 5 <C1 T 53 a8 252 Yz)} {2gm — 2gmp) +s(2C; + Cr1 — Cps1Z1)} — Z2Y1(Gmp

SCb 2
25 )(ngb + SCbsl)]

_|_
The critical frequencies above which (at least 10 times) we are considering the approximation of s— oo is valid:

(i) Im + gmbYZ

= 64.18 KHz

C C
Cl + 53 K szZ YZ

o Z(Qm = gmb)
(ii)
2C; + Cpq — Cps1Z4

13-Jun-16
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Infinite frequency for 4™ term:

4th teym:
[H(X; + X,)(C = BZy) + H(Zy + Z,)(A + BX,) — (A + BXI]

= Imp X1 + X2)[29m + S(2C1+Cr1) = 2Gmp + $Chs1)Z1] + Gmp(Z1 + Z3)[gm + SC1 + (2Gmp + SChs1)X1]
— (gm + SCl)[.gm + SCl + (ngb + SCbsl)Xl]

The critical frequencies above which (at least 10 times) we are considering the approximation of s—o< is valid:

+2g..X
S i O S P

C1 + Cps1X1

200 — Gor 7
(i) (Gm = GmpZ1)  _ 64.37 KHz
2C; + Cry — Cp1Z4
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M = [ Im + 5{Cos + 22250 [29, + 5(2Cys2 + Cr2)] = (gm + scgs)z] .| | For Xy, , Y15, Z; 5, the frequencies above which we can
considers—o0 , are given as following:
N = (gm+SCgS) P = (5Cgs + Gm1),
Csp2+Cr3 o Cr3 Im S
Q= [gm +S{Cg5 +—}] R = [gm +S{Cgs += }] = M,Q: (i) gS+CbSZ+CT3 = 324.5KHz
2
S =129, +5s(2C,c +C , T =129, +5(2C,c +Crqy +C ; 2
[ Im ( gs Tl)] [ Im ( gs T1 sbl)] (”) gm ek 5493KHZ
A= (SC1 + gm)r B = (ngb + SCbsl) ZCgS Cr2
C=[2gm +s2C + Crp)], D =(sC+ gm), Im
e i = N,P: = 957.2KHz
e = (o +52) £ = (o + (6 +2)
. m ——
G = [2g9m +5(2C; + Crz)], H = gmp, 1 = (gm + 5C1) gl 2Cgst+CT3 Siiaihda
LN LENG Ty TMENR) = T o < 549KHz
Xpe (TM=NQ)’ L (TM—NQ)’ aa (TM—NQ) CgS"'%
o MP  M(R-Q) o M(S=T) . o 20m G
X1 = (TM=NQ)’ h= (TM=NQ)’ 217 [1 + (TM—NQ)] > 2Cgs+Cr1 549.3KHz

Conclusion:

All the terms are considered individually to find the frequency above which we can consider our assumption is valid. le
H,., IS zero.

From all the terms above, we find highest frequency =957.2 KHz. Hence, above almost 10 times, of it ie 9-10 MHz, we can
Assume frequency to be infinite. All our assumptions are valid above this frequency. This is valid as 10MHz is considered
typically in EMI frequency range.
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Comparison (100mVpp)

EMI Induced DC offset vs Frequency for 100mVpp EMI input
T R T I TT T T T T T T T T

—&— Gm-C Filter(Voltage Attenuator with Cross coupled Trans-conductor) |:
—4— Proposed Gm-C Filter '

S B R T T T TTII

I offset (m¥V)

L1 0 000igh
10°

10° 10° 107

Liiaiiil Liiaiiil piiiiiil w1 10001 Liaiiiil
10*

10’ 10° 10°

Frequency (Hz)

Fig19: EMI induced DC offset variation
with frequency for 100mVpp input signal

* Here, we see the EMI
Induced DC offset is reduced
significantly for this proposed
G, -C filter compared to
Uncompesated G, -C filter

From the frequency near
10MHz, which is considered to

Be the minimum value of
Infinty while calculating CMTH

H o (*9)=0.

= In frequency range [10Hz-100MHz], Maximum EMI induced offset (Magnitude): (i) Voltage attenuator with
cross-coupled transconductor based G, -C filter:: 1.996% (ii) Proposed G_-C filter:: 0.459%

13-Jun-16 Snehasish.-Roychowdhury



DC offset reduction at high frequency

____________________ e Vd
v - | vear = HemVem T Ham 3 &
oo oo r oo r oo oo oo oo oo o Vd
e e e e P R P P T Vo2 = HemVem — Ham =,

SESEARIREIARE i And, Vo1 = Vo1 + Vpe & Vo2 = Vg2 + Ve
Valta g3 RE = CASEI]:If Common mode interference
Alteruator.. comes at attenuator output, then from
IRERRS equations above:  |v,] # [V,
SEEBa e RaRs R Unequal capacitive division occurs
LG s L across gate-source of M1 & M2 due to
HEcuNvEbRCUY) aNbNEEEEnDONEEREREL I Croy and as a result, [Vy,pg | # | Vges | i
ol T finite offset current I at output.
R Teltas T 1T 2x SR RRRTEARRESE G SRS 21 0T .2 ST R TRR M AR A M HAR R A AR M = CASE2: Instead, if we make H__=0
L L Overall Structure for CMi reduction | ~ somehow, ie no CM Interference at
N N D o o o v e e I attenuatoroutput, |U01|=|v02|

In this case, P acts as virtual ground as second stage doesn’t see any common mode input.ie I_.=0.
This is why we need to minimize H__ of the first stage to reduce DC offset at output.
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