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Digital vs. Analog Implementations

@Programmability.
OFlexibility.

©short design cycles.
©Good Immunity to noise.

@Good immunity to manufacturing process tolerances.

@Their performance 1s degraded 1n very high frequency
applications.
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VIThe analog part provides the I/O interface (amplification,
filtering, etc.) to the core of the chip which 1s digital.



* Frequency response of 1deal filters

Lowpass filter Highpass filter
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@The above responses could not be realized by causal systems.



 Practical specifications for a LP filter
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* Chebyshev vs Butterworth responses.

© Higher attenuation in stopband.
© Steeper roll-off near the cut-off frequency.

& More complex filter realizations.
@ Less linear phase characteristics.

MThe choice of frequency response that should be
implemented, requires trade-off between the above conflicting
requirements.



Determination of the order of a Butterworth filter.
ol 00 14ss _q
. 2\ 10014ps _4

>
)
log[ SB ]
)
PB

0
0 NN 2
—40 \\s?\ T
g —60 N 0 \\‘§ : %
g _80 \\\\ -1 \ \.§
-100 ' ~2 k \6\\\1
~120 -3 10\ \‘\.
0.1 1.0 >).0

Normalized Radian Frequency



T — T °
L, L4
Uin C] :: C3 :: CS RL Dout

©Oa doubly terminated LC ladder has the advantage of low
sensitivity to component tolerances.

©LC ladder filters are mainly used in very high frequency
applications.

@Inductors are heavy and bulky and thus they are difficult to adapt
to IC realization.
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Miller integrator

B H(s)= ((]]0 (s) _ 1
v in(5) RCs

Frequency response

‘ H (s)‘ = &, w, =— O, unity-gain frequency
@
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e |First-order filters

UO(S) __R2 1

H(s)=

Frequency response

U, (s) Ry RyCs+1

Gain(dB)

w_=1/RC

M The cutoff frequency is determined by the integrator’s time constant.
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* Second-order filters (Biquads)

They are constructing using two-integrator loop.
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» Using second-order sections in cascade connection or
with multiple-loop feedback.

« Simulating the corresponding LC ladder prototypes.

— Functional simulation of LC ladders.
— Topological simulation of LC ladders.
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* |Cascade connection of biquads

Vin Vou Vo Yy Vo Vin | Vor =Vou n
o— T, —O0—— T, —© - O T —0 - 0 T, —° T(S) = T(S)
I I J
L L = = j=1

Design procedure for maximizing the Dynamic Range
*Pole-zero pairing: cach pole is assigned to the closest zero.

*Section ordering: in the order of increasing values of Q. In addition, LP or
BP are employed as first section and HP or BP are
employed as last section.

*Gain assignement: the gain constants are computed in such a way
that the maxima of output voltages of all
sections would be made equal.

© Easy to design and tune.

@ Higher sensitivity, in comparison to other filter configurations.
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Functional simulation of LC ladders
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| General impedance converter-GIC

v, f(s) v,

Simulation of a grounded inductance

Vi=kV? Zi1=f(s)-Z|
k 1

Il= IZ Lir=—-27
f(s) 2 fes)"
- sR
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Antoniou circuit

MJ\/E“/\
f(s)=RCs
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Steps of design
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pp—
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®1In low-frequency applications (wc=10krad/sec) in case of active RC
filters,a resistor with value SM is required, in case that C=20pF.
C

v
_ L
MOSFET-C Miller integrator Ui I -

© Resistors are replaced by MOS transistors operated in linear region. Their
values are electronically adjustable by the gate voltage.

© The developed active RC design methods can be directly used in MOSFET-C
filters.

@ They suffer from the nonlinearities introduced by MOS transistor.
@® Reduced dynamic range in comparison to active RC filters

M Fully balanced structures are used, in order to reduce the distortion introduced by
MOS transistor. 22



@ The opamp frequency limitations (finite GBW) degrade the performance of
active RC, MOSFET-C and SC filters.

Basic CMOS transconductance stage

L
vim—”: :“— V. Vina

VDD

Iout V.

Lout = Gm : (le - Vm2)

Ves /uC w
Gm = 20)6 ZW/[B

© G, is electronically adjustable.
© The stage has simpler structure, in comparison to the op-amp.
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«_Basic building blocks for functional simulation of L.C ladders & biquads

n —_

Lossless integrator G Vv Vo Gm
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© = G
" Vo Gml 1
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= 5-th order LP G_-C filter.
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* | Basic building blocks for topological simulation of LC ladders

v Inductance simulation

B C
“ Gmle2
. o Iln
[ O—2 &
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e + |
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v g, A 2
out * C
Vou R =C, L EaE.
6 < C,
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Definitions for CCII vy =0,
Iy I, =1y
: 0—X z R, >
lx — . Y
R, —0
R, >
CCII lossless integrator
Li— . v Io
cCil+ z|—o H(s)=Io(S)= 1
x I;(s) RCs
Ile




T
1 IIJ [Tl 1 [T |l:
n | SO | S | - I .
Mpl | Mp2 Mp3 Mp4| Mp5 Mp6 lm lout
“—
2 IE = i'|: h': it i[: — current —O
>—r Mpc6 O_ .
Mpel Mpe2) Mpc3 Mped|  Mpes amplifier
iin ﬁ
1ou‘[
lowt = A+ liy,

* Lossy integrator

1
lin fou H(s)= 1 + RCs
C—> N cument  OUT B b}
amplifier p— — R = 1 / g m

lout
=——C ou w
gm = ‘/2K_L 1/IO

© The time-constant of integrator can be electronically adjusted ”



@ The time-constants in active RC circuits could not be accurately implemented on
chip.
@ Large resistor values are needed in case of low-frequency applications.

SC integrator

C
||2 C V V
. 1 in
s =0 =76
Vin _/_T—E|>\_v 1{2]1]e2 1
c ° th-1 th T
I | -
1 q
= c Cl
~2

© The time-constant is:  ° =1 C
© The time-constant of integrator is defined by capacitors ration and thus the

achieved accuracy 1s 0.1%.

© Tuning is achieved using that clock frequency.

© For a resistor value of 10MQ, and using 100kHz clock, a capacitor 1pF is needed.
29



@ The previous direct replacement of resistors by switched capacitors is valid only
in case that the clock frequency is much higher than the signal frequency.

@ The frequency limitations of op-amps degrade the performance of SC filters.

©SC filters were designed using s-z transformations.

H Aql(tn)=CIUin(tn—€)
. D L A () =—Coluy(t)-va(t=T)]
C,q | n n Aql(tn)quz(tn)

Vo(z) _ Cy z71/2
Vin(z)  Cyp—g1

Hj/2(z)=

CI/Cz /2
jo sin(w/2)

Setting 7=€/®: Hy/ )(w)=-
30



@ The circuit is sensitive to the effect of parasitic capacitances.

Ca
|
1 2
v
"7 Cot| [Pz i Vo(z) Cr+Cpy 77172
“spT T ID 17 Hy/x(z)=—0""=— £ —
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* | Steps for designing SC filters

\ 4

A

N

A 4
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V4
2 R/RS R Cl
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The above SFG was derived using the LDI transformation
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P bl , Q=22
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Basic memory element v

P : — T
1l _’0_
ol
Cgso== ICgs‘l
1 - : A
ime-slot 1 the vol itance is equal vas =Vr+ |
In time-slot 1 the voltage at gate capacitance 1s equal to: GS ='T 1,CoW
2L

*In time-slot 2 transistor M, sustains its drain current, and thus:

fo(Z) 412

iin(z)

© Capacitors are not further needed and as a result SI filter are fully compatible
with standard digital CMOS process. 3

Hy/p=



Dvnamic current copier cell

Vbb

Jé ) [1l2]]2]

i1 2 =
A io(2) ___-1/2

g
I

o)

© This cell is insensitive to the effect of MOS transistor parameters mismatch.

@ Scaling of output current is not available.

Vbp
Full period delay cell | @ @ Al
T 2
in / '01 i02
+
17,
I I
m |3

= l}
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« | SI lossless integrator

Vbp

) [z ool \ 1
A

-1
<
Transfer function Hyj(z)=4 1— 1
—23
@ jo
jo,_ A 2 R
Frequency response Hy/q(e’™)= '_0’76
sin| —
;)

© The time-constant of integrator is defined by the MOS transistors aspect rati%.7



| SI lossy integrator

Vbb

A z_l
. __1+8B
Transfer function Hy1(2) = 1 4
" 1+B
4
Frequency response Hy/1(e!?)= B e
14
+j 2 B
T2+B

a0=

Dy

A

2
T2

B

low frequency gain

cut - off frequency

+ B
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o Effects of non-idealities in SI filters

@ MOS transistor parameters mismatch

Parameter DC Offzet Small-Signal Gain Error Hanmonic Distartion
AK-KrK; | 2K—K) (-2 | — .
Ko+ £ Ko+ &
A=W W 2(Ho— 1) 7 I N I — —
Wio+HA Wi+ HA
AL=IoL; _E{EU—EI}J 2Le-L)y | —
Lo+ 01 fo+ia
AVr=Frg-Vrr 2(¥o— ) 7 (70— 1) ) 70 — 71 |g e |
Via— Vio Via— Vo S(Va—Vo)\
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@ Finite input-output conductance ratio of MOS transistor.

v'Regulated-cascode structures are used

-1/2

i,(2) Zz
Hy(z)=2"= 5
lin(z) 1+ 8o

R
H (e'lw)z l(e .)

21 1-m(w)- jO(w)
280

8i

m(w)=—

O(w) =0

1
+ =|




® Clock-feedthrough effect in MOS switches.

(a) , (b)

*The error that 1s caused 1s similar to that of V. mismatch.
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in Log-Domain out
— compressor filter expander  p—

© They open the door to elegantly realizing a linear system with inherently
non-linear building blocks, and may achieve the advantageous potential of
companding (compress-expand) signal processing.
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eLinear and companding signal processing

signal amplitude

signal amplitude

linear
input processor output

(a)

companding
input processor output

compressor expander

(b)

&
<

useful signal range
(dynamic range)

useful signal range
(dynamic range)
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(d Waveforms at the internal nodes of a typical log-domain system.
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© Companding filters have potential for low-voltage operation, as the signal
swings within filter are typically less than 100mV.

46



Log-Domain Filters




v'Using the well-known state-space synthesis approach in linear domain,
and an appropriate mapping of the resulted equations.

@ A large number of equations is needed in case of high order filters.

v'Using the well-known Signal Flow Graph (SFG) synthesis approach in
linear domain, and a set of complementary operators.

©This method is more simpler than the ESS.

v'By following the concept of Wave Active Filters.
© The design procedure of high-order filters is quite facilitated.

© Modular filter structures are derived. 48



Representation of a Log-Domain filter using complementary operators

& Log-Domain filter ﬁ
ilr- ——————— 1 ol
Xuol ol ol lolAox. Log
' : : Linear | . ' ' EXp
Il R
‘1*' /] Vo " i
7] C P
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Ice
v'For any closed loop corﬁprising any number of pairs of clockwise and counter-
clockwise forward-biased identical junctions, the product of currents for the
elements in one direction 1s equal to the corresponding product in the opposite

direction.
Ilic=1]1c
cw

ccw
* As an extension to the above principle, when a voltage source is introduced into

the loop, then: Uy
V-
H[C =e T . H[C 50
cw ccw



Positive cell

IN

Negative cell

>

UIN :

VCC

EE

O
our
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Implementation of complementary operators

LOG

O

l gSk
_>
UOUT

< I EXP(0)=1,-¢'T-1,

Y

i+1,

EXP LOG(i)=Vp- ln( 7

0

C»

|
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Lossless integrator | O + A
= N Your

Jo 0y —Cour _&OUT
i =C-—9Y =] .e 't —-1,-e Vr
¢ dt
EXP(D, )=2 | Exp@ )| ar
I A ouTr r IN
-+ v our
. L The time-constant of integrator is:
I oyt
= olZ
r=—21
1,
© Electronic tuneability using a DC current source.
53

@ The time constant is depended from temperature.



Lossless integrator-subractor

C>

IN1

(o

IN2

IN1

>

IN2

C>

our
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Lossy integrator r% [EXP(&OUT )] = EXP(&IN )— EXP(& our )

A

v
IN our

>
%
C>

I

)

>

> oUT

12
IN N
I I

© Damping is achieved using a DC current source.
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Operational simulation of all-pole LC ladders

“[LC ladder prototype |

1—

V
i | 1 LR 1
T %
1 1 1 AR
SRCI SL2 /R SRC3 RL
. o
RY, T 1
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+ | Transposition to Log-Domain using the following rules: |

*A LOG block is placed at the output of each integrator.

*An EXP block is placed at each input of integrators (before scaling).
*A LOG block is placed at the input of the system.

*An EXP block is placed at the output of the system.

/_p
\-II_/ m T [ ] LoG
1 1

-1 [ Exp

SRC 3

T
g
O—%
— A

out
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Operational simulation LC ladders with finite zeros

=» L
RS U1 LA U3
. I - ’
lS | l ZL
1 C 1 R
Ug ’\) Cl - 2 —_ C3 L
@ Differentiation is required:
v = ! (', -0 +sRC v, )
1 SRCI y S 2 2 3

© Alternative form without differentiation:

v = ! (V. =0 )+ < v
1 sRC S 2 C 3
leq leq
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Log-Domain summing block

3 IN1
UOUT

f——
;1)1 A
° UINZ—

EXP(6_)=EXP(0,)+K-EXP(0,)

our
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Log-Domain elliptic filter ﬁl
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o8}

|
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0
Gain(dB) ]

10 —

— — — — Ideal case

Realistic model

-80 I I I I I I I I I I I I I I I

0E+000 1E+007 2E+007 3E+007 4E+007
Frequency, (Hz)

Mhe frequency response of a Log-Domain filter 1s evaluated using large-signal
transient simulations and FFT analysis.

@ The AC analysis of HSPICE is valid only for small modulation index factor !!! 63



Non-linear analysis

-50

IMD3(dB)

-55 —

-60 —

-65 —

70 N L L L B B B B B
0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Modulation index

Ma two-tone test was performed, in order to measure the third-order
intermodulation distortion factor.

© The IMD3 was -52dB @ modulation index equal to 1.
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Noise analysis

© The achieved Dynamic Range was 35dB.

40
SNR(dB)

30 —

0.01

1
Modulation index

65



Wave variables

B B,
A 4 b
1 two-port |+
v; | subnetwork | v:
. Uy
incident wave A, =i, + - (k=1,2)
Oy
=i, % (k=12
reflected wave k=M% p (k=12)
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Scattering parameters description

Passive element Symbol of wave equivalent in the log-domain
L
Y A= T, =4,

o
B, B;
A A
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v Transposition of linear domain SFG to the Log-Domain SFG

1wy

lossy
integrator

]

vl

[ ] Exp
[ ] LoG
s—10 7, O
—
B B,
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Lossy integration Summation

I, L
) >
Vi Y E+
O, EXP \%\‘
1 I,
LOG
) 0 5 > o
I our O, E+ our
IN2
ﬁ[NZ 1 ) IO%
EXP
Subtraction Inversion
I
EXP vy—1 E- =
1 LOG . EXP _; LOG |
5 o, —{+H——»—11-v
v - N our
::>®—|:k our 5, .
-1
Iy A
EXP %) J__ E+ 2= _%;)OUT
= I,
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v'Log-domain wave equivalents of 15-order blocks

Prototype Log-Domain wave equivalent
L A —0H T, —— 4,
— Y'Y Y
oL
}] m\ “2R
B, B,
C A —H Te — 11— ,212
Il
11
E 5 7c=2RC
B, B,
INVERTER
. N
44— 7, OO 4
o
2L
% L INVERTER T, =—
————— R
T A
B, il B,
. INVERTER
4 e
— e e
____
i INVERTER RC
T b re S
1 il B,




v'Log-domain wave equivalents of 2"-order blocks

Prototype

Log-Domain wave equivalent

C L

_“_NY‘Y‘\_

A o T4

1&1 , Q I:l l:l . El 1:12

INVERTER
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Log-Domain wave filter

Rg L L Ls

T3

© A quick design procedure is offered.

© Modular filter structures are derived.

@ The circuit complexity is increased in comparison to the leapfrog filters.
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v |Effect of non-zero R,

0IN _OOUT
Vr +R—Bl0
Loyr =1,e

® The cut-off frequency is shifted, while the filter shape remains
unchanged.

73



* Input-output relationship for a lossy integrator

, )+ EXP(9,

<X

)~ Exp(

<G

@ [EXP(), )] = j EXP(

vV, +I1,R,)CV, d

/‘q
0Q |
60 Q)

-- -\ =

el e et

-

(gp) S00d2y

5.0E+05 1.0E+06 1.5E+06 2.0E+06 2.5E+06 3.0E+06 3.5E+06 4.0E+06

0.0E+00

2vyvotnto (Hy)

74

(V7 +1oRE)

krg =

© The effect of non-zero Ry is compensated by multiplying the value of DC
current source by a factor



Effect of BJT transistor finite beta.

UIN]

G\% L1
C b,
011\!2 _Knap

~1- f,

EXP
[1LOG

@ The finite beta introduces a scalar error and an extra feedback path.

@ The cut-off frequency and the phase response of the filter are changed.

© The above imperfections can be electronically removed.
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"Wave equivalent of a floating inductance, with additional circuitry for

removing the effect of finite beta.

1.5E+06 2.0E+06

1.0E+06

Zoyvoryra (Hz)
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v' | Effect of non-zero

6.0E+05 1.1E+06 1.6E+06 2.1E+06 2.6E+06

1.0E+05

Xoyvéotnta (Hz)
1s shifted, while the filter shape remains

@® The cut-off frequency

unchanged.

© This deviation is canceled by following the same procedure as in

non- zero Rg.
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Combined effects

1,/ kek, gk,

4

I, /kskl/}le

E

1,/ ksk, 4k,

R Iy ks gy,
A
o E+
R Iy ks gl Tow Ao/
4,
° |

1,/ ksk,
Iyl hky sy,

1 ¢
I Io/kskz/ikz

e

37,

v g7

I, /kskzﬂkzv

1,/ ksky ks,

e /e
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" The values of factors are calculated using a fitting algorithm.

(gp) Soed3y

5.0E+05 9.0E+05 13E+06 1.7E+06 2.1E+06 2.5E+06 2.9E+06

1.0E+05

79
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Square-Root-Domain
filters




v’ Representation of a Square-Root-Domain filter using complementary operators

Linear system

Jx - domain cell

3 SQRT ~ | o " " SORT N .
tin - O, ‘ =2 il TDOUTl = Lout,
‘ ' - I

: SQRT A SQ SQRT A SQ ;
lm2 D]N | . vOUT loutn
H Linear | el 1=
| operation : |
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Definition of operators

SO(0) = g(o —vr Y -1, SORT (i) =

SO[SORT(i)]=i

20+1,)

+V,
K T

10=SORT()
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Lossless integrator

¢

5Q
w1+ |
VDD
X . 5' IIE ; :CdUOUT _ NIy _ 1,1,
AL L N T iy, (T
i, il ouT our

Y Wi

Z Io'iour
I, A 1 -

" T GEOMETRIC-MEAN SQ(UOUT ) - ;J.SQ(U]N ) ) dt
lour
Z1 X = Ic
k|l g o
i I A . ° .
Kl M[ Oy r %c The time-constant of integrator is:
Z2 Y'_@7 Vs = C ]
A </
VLiOUTl T = —/—0
MULTIPLIER / DIVIDER # 2 2K Ia
I,
X Z. . lvlo'iour
. _Kly W
Ly . ey .

y z © Electronic tuneability using a DC current source.
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Lossless integrator-subtractor

Voo
MULTIPLIER / DIVIDER # 1 ,q—‘v?

iW= lX.'lY W 1:1
[/
A VA
Ui SQ Y
Z
= SQRT

A
®— 4gggllll%wu T
S Q - f our
GEOMETRIC-MEAN

A lour
Upno© —

/ k]|
L= Ly M

C

MULTIPLIER / DIVIDER # 2

z !

Lkly w

Iy




Lossy integrator

MULTIPLIER / DIVIDER # 1 ﬂ
L d

T GEOMETRIC-MEAN

lour

SQRT z2 ¥ @

Bur i Lo
s0 |
MF] MF2
1. La Vss

© Damping is achieved using a current mirror.




Complete system of current integrator

1
SQRT | SQ
! Pl
/ -
777777777777777777777777777777777 1 Your
/x - domain cell
VDD
MULTIPLIER / DIVIDER # 1
lX. lY w —
i, l
GEOMETRIC-MEAN iOUT
- .
Z1 X I
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Simplification of circuit:
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v'In the closed loop, the gate-source voltages are in series, with equal number of
transistors arranged clockwise and counter-clockwise.
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Stacked topology

© Offers simple circuits.

@ Suffers from a strong influence of the body effect.
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Up-down topology

o el
g ] oA g TR

© The body effect is much smaller than that in case of stacked topology.

@ Requires some extra circuitry, in comparison with the stacked configuration.
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Electronically simulated loop topology

L Nk

R Vi R
M }e-E: E:ra{m
B ) -

v’ The average of the gate-source voltages of transistors M, and M, 1s forced
equal to the average of the gate-source voltages of transistors M; and M,,.

© The body effect is completely eliminated.
@® The achieved bandwidth is limited by the speed of additional circuitry.

@ A relative large number of elements is required in same cases. o1



Current geometric-mean circuit

v, T /S A
Mon
1:1 1
iviy y;@
® @
. GEOMETRIC-MEAN
e
X VA
L= VIl .
ZL Zn
Y

*The voltage averaging subcircuit produces a gate voltage vy, , which is forced
to be equal with the average of the gate voltages of MX, and MY

MOS translinear principle: i Yy = Ji v T /iY

Output current: I, =2,Ji, .1,
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Current multiplier topology

MULTIPLIER / DIVIDER
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v'It is constructed by two properly connected geometric-mean circuits. 93



Performance of the proposed multiplier.

*Comparison with a multiplier based on up-down topology.
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© A reduction of about 50% for the required transistor area is achieved
in the proposed circuit.

©The minimum supply voltage requirement for both proposed circuits is:

VDD min = ZVDS,SAT + VGS 94



Operational simulation of all-pole LC ladders

“[LC ladder prototype |




*A SQRT block is placed at the output of each integrator.

*A SQ block is placed at each input of integrators (before scaling).

*A SQRT block is placed at the input of the system.

*A SQ block is placed at the output of the system.
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MThe frequency response of a Square-Root-Domain filter is evaluated using large-
signal transient simulations and FFT analysis.

@ The AC analysis of HSPICE is valid only for small modulation index factor !!! 98



v'Electronic tuneability of Square-Root-Domain filters.
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VIiA two-tone test was performed, in order to measure the third-order
intermodulation distortion factor.

© The IMD3 was -42dB @ modulation index factor equal to 1.
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Noise analysis
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© The achieved Dynamic Range was 49.7dB.
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