Real Number Models for Op Amp Filters
Implemented in VHDL
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1. The Real Number Model Deve

Real Number Modeling:

* Models analog block operation as discrete real data;
* Itis arepresentation of analogue functionality in the digital world;
* Digital simulation speeds permit high volume regression tests.

This paper presents the functional simulation results based on
an original model of the analog filters with op amps, compares
the results with the pure analog SPICE simulation and analyzes the
limits of the proposed model.

The Op Amp parameters included in the model are:
* the input offset voltage: V|, — simply added to the input voltage;
the output saturation: V, , and V, | — high and low saturation voltages;
e the slew rate limitation (max. output voltage variation with time): SR;
the finite open-loop voltage gain at dc: a,,.
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lopment for the Op Amp Low-Pass Filter

The z-domain transfer function for the op amp v
. . Vo sr L= Von1— SR x Ts
low-pass filter is: Vo s 1 = Vot + SR x T
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Solved for V,: v Vi (g +nz 1) =V, xdyz ™"
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In terms of input and delayed values of input
and output:

Vin xNg +Vjp_1xnNy —Vg -1 xdq
do
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The previous formula can be used for any 15t
order s-domain function transferred 21_71
in z-domain with bilinear transform: >~ Te147L
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2. SPICE Model versus RNM Model for the Op Amp Low-Pass Filter

1 LM324_sin_SR.asc == = = LM324_Int_clp.raw o || = == 1, LM324_IntSqr.asc = [ =
The parameters for the VHDL Vel
p R3 RC Vee b R T S S
SAVATE R2 IR S S . Lo S Jib "MyLib_Adi.lib" ,\R/a\/ RC - Vee
Op Amp model were chosen ok |2 s - E AR T RM— o ez
1n 10k 15() ! ! ! [ S S W S A tran 0 0.29m 0.2m 0.1u Ton 10k ‘4'1C>
t b I t th S P I CE " El‘ll T l l l LT LM324_Int_clp.raw B c1 18—
R1 | | R ut |
O e C Ose O e OneS. In 5%1 1in out || Cursor 1 viout L In / n, LY 10 Out _
1k b 1= <
1, LM324_Int.asc = (@ | = Vs~ T =T L3 24 ~ Horz | Vert: |13.4346Y Vst LM324
SINE(0 1.23 12.5K 0.0 0 10) \ — Vo F Cursor 2 PULSE(1 -1 10u 0.1u 0.1u 19.8u 40u 20) ' — V2 C)
R3 v o 15 C—j o i
RC = =t - - Horz: [250.471ps Vert, [14.98277 Vee
Jib "MyLib_Adi.lib" Ve i .
120k C2 — dran 0 0.2m 0 1u F | Dot [Cursar 2 - Cursar 1] LM324 TntSar ram =
T 120k Vi Cj Harz: [100 753 Vert: [-28.4773v T = — - =)o e
n 1.2V : : : : Sae : : el
< iﬁl 15 = 3 | M324_sin_SR.raw Freq: |9.92623KHz Slope: |-282643 oy | e = = ]
R1 1] | i i L/ i i i i N
Ly . Out 8 o i i 7N | i WAl i
= BV . . oo : : ! ! Fefitisemaonamafoccocaaaas
10k b : o ¥ : : : : o ! : : - ! !
Vs~ =1 Lm324 [ < BV - e N . 1 5
SINE(0 11k 000 10) " — V2t Ay = : ) s s S s s SO A | R e
15~ — : L 1 : : [ 0.0V Horz: [30.1261ps Vert: [-99.2843m
w7 ~ A N N wo oo Aov o & ny LT LM324 sin SRoraw 0.2V - Cursar 2
lib "MyLib_Adi.lib" ) : : . | : : 0.4y Viou)
i yLib_Adi.li tran 0 3m 0 1u Ve ol N LB ! | 3 Cursor 1 -~ . o TS o [TE5550
: Mo " : : . _ ' Diff [Cursor? - Cursor ]
¥~ LM324_Int.raw = e < oyl N NN B Horz: | 46.1977us Ryl 91351 0.8V~ Mow[os Ve [Ty
:V[l]l.lt]: V(in)*5 :V[IE]*E: i i n i i Curgor 2 ¥ 1.0V Freq:| ~M/-  Slope: | ~Nia-
ULk " ! : Lo : : § = -4V ' et r1.2¥ i i i i i i — i i ]
. i : 0 0 : . : ! " . . E Harz: | B1.0169p= Vert: | 394884\ Ops Ius 18ps 27ps 36ps 4515 Ldps 63ps 72ps 8lps 90ps
L A e e e Pf 1 -BY—------ Bo oot cocoetosac oo adicocaces ‘| Diff [Cursor2 - Cursart]
EY ;_ v o ; L] | Horz: 115.8192)5 Vert: | 7.86615Y
3 N : ' | L g | | ||| Freq [B32143KH2 Slope: [497253 T
T e S s v ———— :
FARARY . ' ' Ops 20ps  40ps  bOps  80ps  100ps 120ps 140ps 160ps 180ps Z200ps
2Y—-f- ""E‘“' - “E' “““'E"" "_.""i" A R L Intraws - Msgs 4 fipf_int_th/opamp _inst/p0jout_r |-0.101315 /\/\/
I I I | ; | Curzar 1
11175 2 TR W o I AT IO J T S Wl

-
X : : : h “  fpf_int_tbfopamp_inst/in_r 0 d
! ' ' I 0 Harz: | 1.235028ms Wert; | 3991833
_EU_'_"""T"""_ . o _1:""5""1: ______ Curgor 2
1 1 1 1 ll‘-'"[':'ut] 4 - -
' , [ Y N A W fipf_int_tb/opamp_inst/p0fout_r 0.492502
i B B ¥ : AR Horz: [1.35028ms ver: [-952518V

Diff [Cursor? - Cursor |

Huorz: |Els Wert: |-1 3517

BV - g Freq:l - M A Slope: | - M A Jof int_thjoutput 497448

i i i
0.0ms 0.3ms 0.6ms 0.9ms 1.2ms 1.5ms 1.8ms 2.1ms 2.4ms 2.7ms 3.0ms &
r Msgs

| /\//\ .
NN W

1 1 1 |

- 1 1 1 1 1 0 4 ’/ I]U_
| | | AN p

: R A oy , ; 2
1 1 1 1 1 1 e ,"

T T e b o R e R T 4 4 av
10V | ! ! i i i i | i ! g ’ 1
[#0000 nst——

Ta Cursor 1 40000ns | = |40000ns 20000 ns
< Jiof_int_thfopamp_instfin_r 0.793945 "o Cursor 2 60000 ns [s0000 ns]
/\/v 4
“ fof_int_tbopamp_instjpofout_r [0.798406 /\/\/
LTspice and VHDL simulations to

/\ / verify the model SR limitation
\/ L/

Y LTspice and VHDL simulations

N°{ results for the op amp integrator J

Wlout)
E Harz: |2|:|E||J.S Yert: |?.54245"-.-" ..................................................................... T
; £me Now [150000ns | g 20000 ns 40000ns  eoodons | @oooons
E Curzar 2 —_— [T Cursor 1 | 70000 ns [70000 ns]
Horz: | 400ps Vert: |-7.5436v ZE N
| Diff (Curser2 - Cursort)
© | | Horz: | 200ps Vert: |-15.0861v
By — .
. . . . L | | Frea: |BKHz Slope: |-75430.3
_m:] 1I]l;] 200 300 400 500 600 700 . 800 900 | /_ - i \
— LTspice and VHDL LTspice and VHDL
e | ‘ l simulations waveshaping circuit
\ # fipf_int_thjopamp _instfin_r -1
to verify the clipping and simulations

T LTspice and VHDL simulations
for a nonlinear waveshaping /

3. Conclusions

This paper describes simple real number models of op amp
low-pass and high-pass filters.

Comparison results of the simulation using SPICE and VHDL
models, simulated in LTspice and ModelSim:

The steps of op amp filters modeling presented in this paper are: * The behavior of both models is similar for sine input, square input, SR and

1. Derive the s-domain transfer function;
Use the bilinear transform to derive the z-domain function;

Implement the function in VHDL.

The op amp model is completed with: input offset voltage, S
limitation, open-loop voltage gain at dc and saturation voltages

OPTIM
1,

2
3. Solve the output as function of input and older values of input and output;
4

saturation limitations with a precision of the output wave global parameters
better than 0.8%;

e The VHDL simulation does not contain some 2nd order effects: the glitches
of fast slope variations and the smoothing of the output voltage slope
variations produced by SR limitations.

R e The proposed model gives a good representation of the circuit behavior
and has been successfully used with digital simulators.
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