ELECTRONICS’ 2004 22-24 September, Sozopol, BULGARIA

VERIFICATION AND VALIDATION OF MULTIPLYING
DIGITAL-TO-ANALOG CONVERTER MACROMODELS

Ivailo Milanov Pandiev

Department of Electronics, Technical University of Sofia, Kliment Ohridski Street No 8§, 1000
Sofia, Bulgaria, phone: +359 02 965 2620, e-mail: ipandiev(@tu-sofia.bg

Keywords: Digital-to-Analog Converter, PSpice simulation, macromodels,
breadboarding, verification, validation

This paper describes the process of Spice-based macromodel verification and validation.
Verification and validation checks have been performed on the new Spice compatible
macromodel developed using an Analog Devices AD7533 Current Output Digital-to-Analog
Converter (DAC) integrated circuit (IC). The verification process has been implemented by
comparing simulation results with typical values from IC datasheets. The circuits for
simulations are created following the test conditions given in the datasheets. The simulation
testing of the macromodel is performed within EDA OrCAD. Parametric dc, ac and transient
analyses are specified and performed during the process of Spice simulations. The global
parameters for simulations were the electrical states of digital inputs of the DAC model.
Comparison between macromodel and data sheets shows that the average error is not higher
than 15%. The validation process of the model is important to check behavior of the equiva-
lent circuit by comparison to the real system performance conditions. Three electronic circuits
— programmable amplifier, waveform generator and programmable universal (Low-pass,
High-pass, Band-pass, and Band-reject) active filter, in which are incorporated multiplying
4- quadrant DACs, are prototyped for the needs of the validation. These circuits also include
precision JFET-input op amps AD712 and universal active filter UAF42 (Texas Instruments).
In those electronic circuits the dominant electrical parameters, for example voltage gain, pole
(center) frequency and rise time are defined by the state of the digital inputs of the DAC
model. Comparison analysis between simulation results of the proposed model and experi-
mental results of the electronic circuits shows that the error is within 15%, which guarantees
the sufficient degree of accuracy.

1. MACROMODEL VERIFICATION

After completing modeling process is desirable and necessary to define what is/isn’t
modeled, plus a basic question of model accuracy. All these points are important, in
order to place confidence in simulation results. So, verification process of the model is
important to check behavior of each element or group of elements from equivalent
circuit by comparison to the actual device performance conditions. The equivalent
circuit needs to be verified in the lab, by breadboarding and prototyping. A breadboard
circuit is a quickly executed mockup of the circuit design using a semi-permanent lab
platform, i.e., one which is less than final physical form. It is intended to show real
performance, but without the total physical environment. A good breadboard can often
reveal behavior not predicted by PSpice, either because of an incomplete model, external
circuit parasitics, or numerous other reasons. However, by using PSpice along with
intelligent breadboarding techniques, a circuit can be efficiently and quickly designed
with reasonably good assurance of working properly on a prototype version [8].

The verification of the new macromodel of the IC AD7533 presented in paper [3] is
performed by comparison the simulation results for the electrical parameters with the
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typical values from datasheets. The simulation testing of the macromodel is performed
within EDA OrCAD [4]. During the process of PSpice simulations are specified and
performed parametric dc, ac and transient analyses. The global parameters during
simulation processes were the electrical states of digital inputs of the DAC model. The
circuits for simulations are created following the test conditions given in the datasheets
of the corresponding IC.

Following the methodology [1] in Table 1 are summarized the simulation results for
the new macromodel AD7533/MOD. The comparison give a good agreement between
the macromodel and the datasheet parameters, the resulting error is not higher than 15%

which guarantees the sufficient degree of accuracy.
Table 1 Comparison of the AD7533/MOD macromodel with datasheets of the IC.

The following specifications applied forU.. =+15V, T, =25°C and U4z =+10V .

AD7533

AD7533/MOD

E
Ne Parameter Conditions Datasheet Macromodel 8(:‘)“:;
(X,5) x,) |©
Static accuracy
1. | Resolution - 10Bits 10Bits -
2. | Gain Error Digital Inputs HIGH +1,4% +1,2% 14,28%
Output Leakage Current Digital Inputs LOW,
5 |1 Upgr =£10V +50nA max | +50,5nA max 1%
’ IOUTI Digital Inputs HIGH
ourz Uper =10V +50nA max +50,4nA max 0,8%
REF
Dynamic accuracy
R, =100Q, Digital
4, | Ouput Current Settling | Inputs HIGH to LOW or | 6005 max 550ns 8.33%
Time Digital Inputs LOW to
HIGH
Digital Inputs LOW,
5. | Feedthrough Error U ger =%10V, 100kHz +0,05% max +0,052% max 4,6%
sine wave
Reference input
6. | Input Resistance Digital Inputs HIGH | 10kQ | 1001kQ | 0,1%
Analog outputs
7. | Output Capacitance
C
ourt Digital Inputs HIGH 100pF max 100pF max -
Coura 35pF max 35pF max R
Cournt o 35pF max 35pF max -
Covrs Digital Inputs LOW 100pF max 100pF max -
Digital inputs
8. | Input High Voltage U6y - 2,4V min 2,39V 0,4%
9.
Input Low Voltage U, ] 0.8V max 0.79V 1.25%
10. | Input Leakage Current /,, U, =0V and U, +1pA +1pA -
11. | Input Capacitance C,, - 8pF max 8pF max -
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Power requirements

Supply Voltage U, All Digital Inputs +15V +15V

12. Supply Current 1, HIGH or LOW 2mA max 1,99mA max 0,5%

Note 1: 8=[(x,s —x,, )/ xps }100%.

2. MACROMODEL VALIDATION

During the validation the performance of the AD7533 model has been compared
against the real IC. Based on the data sheets of the AD7533 are prototyped three
electronic circuits of programmable amplifier, waveform generator, and programmable
active filter. The type of elements and test conditions are chosen in accordance with the
IC data sheets [5] and the conditions given in [7, 9].

2.1. Programmable Amp-

L‘-DEU Tﬁ;[:u?533 —l . lifier with DAC .

) s > On the Fig. 3.1 is shown
D{]—E"':""Tz RET programmable amplifier inclu-
M—q"G”D UDD'TO o F ba ding DAC model (presented as

bitt o TEITL BT enio ADTIZIAD| g hierarchical block
S N HB_AD7533) connected in the
bits o TgEITE - BITEp Tebi® feedback of the precision JFET
bitt O—B"E'M E'T?'T{"h'_ﬁ — input op amp AD712 [5, 6].
bitg 8118 BITop——0b0 < In this way the voltage gain is

Fig. 3.1. Programmable Amplifier with DAC model AD7533. dfeﬁned. by thq state (_)f the
digital inputs (pin 4 to pin 13).

The transfer function of the circuits can be expressed as
U R+R 2" 1 N

3.1) 4, =—"= where f = 1
vy R. Ny, ; / 2n2"(R+ R )C,

is a pole frequen-
i F L
p

cy and N = Bitl0+ 2.Bit9 + 2°.Bit8 + ...+ 2".Bit3 + 2°.Bit2 + 2° Bitl is a digital word.
We see that (3.1) voltage gain has changed between 1 and 1024, if N changed from 1
to 1024. The op amp AD712 is presented in the standard PSpice libraries with third level
of complexity macromodel [1, 2]. The op amp model reflected all first order effects and
some of the second order effects; including input offset voltage/currents, differential and
common mode input capacitances, multiple pole-zeros, etc. Following the simulation
testing methodology for the op amp macromodel AD712 is obtained open-loop voltage
gain A, =103dB (141253V /V) and unity gain bandwidth BW =4,49MHz . As well as

the voltage gain slope is 20dB/dec. It is seen that the simulation results compare
closely with datasheets of the real IC [6]. For the simulation testing of the programmable
amplifier is planed and preformed ac analysis with the following sweep parameters:
point per decade 100; start frequency 0,1Hz ; end frequency 10MHz . PSpice simulations
are implemented for a ten values of the digital inputs, namely Bitl =""1" (AU :2),

Bit2 ="1" (AU = 4), etc. The input signal of the circuit is connected to pin 16 of the Data
Converter and have 10mV amplitude and zero ac phase. For the physical experiments of
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the real electronic circuit the input signal is received from sinusoidal generator with
frequency range 0,1Hz -10MHz and output resistance 50€2.
On the Fig. 3.2a and Fig. 3.2b are presented simulation output (4, ,, - voltage gain

and f,,, -bandwidth), experimental results (4, ., and f,, . ) and error in percents
(6= [(x’M — X, )/ x’MllOO%) versus digital input states. In the tables below (Fig. 3.2a

and Fig. 3.2b) are given numerical values for the amplifier parameters, simulation results
and errors. The comparison gives a very good agreement between the macromodel
created and the real DAC circuit, the resulting error being within 15%.

AU,V/V 6,% fim,kHZ 5,%
10000 16 10000 12
=+ 14
1000 +12 1000 10
i —— 10 = 8
-8 ! »
100 /%é - 5 100 " 6
10 = | 14 : 4
2 10 E%EEE
* : =+ 0 2
1 L] 2
Bitl | Bi2 | Bif3 | Bit4 | Bit5 | Bit6 | Bil7 | Bit8 | Bit9 | Bit10 " Toint | Biz | Bi3 | B4 | Bits | Bits | Bit7 | Bits | Bio |gitt0]
A, | 2 | 4 | 8 | 16| 32| 64 | 128|256 | 512 | 1024 |—— Saumzs| 1080] 690 | 346 | 150 | 72 | 36,6 [18,12] 9,1 | 43 | 22
—=— Ay, |2,002]4,004]8,008|16,01/32,0364,01|128,4| 258 | 532 | 1166 | [ |1200| 743 | 377 | 156 |72.66] 35,8 |17,12] 845 | 41 | 2,02
—— 8,% | 041 ]0,097/0,094]0,087|0,094/0,016]0,297 |0,781| 3,906 | 13,87 o 5.% |11,11)7.681, 8,96 | 4 |0,917/2,186/5,519|7,143] 4,651/ 8,182
Fig. 3.2a. Comparison of the model and Fig. 3.2b. Comparison of the model and
experimental results for the voltage gain 4, . experimental results for the bandwidth f, .

2.2. Waveform Generator

The second electronic circuit of a programmable waveform generator, used for
validation of the new model is represented on Fig. 3.3 [5]. The generator includes
programmable integrator and Schmitt trigger (comparator) with global feedback. For the
realization of the integrator and Schmitt trigger is used JFET — input op amp AD712.
The potentiometer R, is for calibration of the output frequency. The amplitude of the

output signal is define by the Zener diodes D, and D,. The threshold voltage of the

comparator and output voltage of the integrator is given as

R 1 N
P R outl out?2 C(R + R(m ) ref 210 + out?2 ( )

2

It can be seen that the output voltage of the integrator is changed linear versus time.

The sign of the reference voltage U, are changed by the variation of the output voltage

U .. Therefore the slew rate of the U

outl * out2

T= (R +R )C, the reference voltage U, and the digital word

33) Wao_ L Ny o LNy where R>>R,.

d  (R+R,)C2° "  RC2"
Then the output frequency of the circuit can be expressed as

1 N R
34) f = —r
4RC1024 R +R,

It can be seen that the frequency of the output signal is linear function of word N.

is defined by the time constant
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The verification of the waveform generator is implemented by comparison analysis
between PSpice simulations and physical experiments. For the PSpice simulations are

Rp pot
w A R
RetRpr o1
DOZCZE &
b2
C DOZCTE &
|1
B _ADRTEIS Ra 1 =
1 looTy RFE} IS sis BD v;; - -
100 10k
H—Z q0UTz  WREFpID = \T L4 e
a
—=—4GHD YOI DD . ADTAZAMAD N i
L1
biti —F 4EIT1  BITI= obitio ot T T
10k
bitz S—2—4BIT2 BITH—2— s b s o . 1 Jautt
o 3
bits — 2 4RITE BiTep 1 ohits 2| ; ﬁ§?12ﬁjﬁ[)
bitd O 4BIT4 BITT 10 apitr WEE
i 8 EITS BITE42 bits R . =
bits &1 | I i 4.7k
o

Fig. 3.3. Waveform Generator with current output DAC AD7533.

performed parametric transient analysis. The global parameter during the simulations is
the digital word N with values 2, 4, 8, 16, etc. During the physical experiments the
shape, amplitude and frequency of the rectangular and triangular signals are measured
with oscilloscope and multimeter. Supply voltages for the circuit are =15/,

On the Fig. 3.3a and Fig. 3.3b are presented simulation output, experimental results
for the output frequency f, and error in percents at C =1nF and C =100pF versus the

digital input states. The numerical values of the two portions of the potentiometer R
are: R =4,36kQ and R =14,5kQ. In the tables below (Fig. 3.3a and Fig. 3.3b) are

given numerical values for the amplifier parameters, simulation results and errors.
Again, it is seen that the comparison is very close (6 <10% ). The real test of the
waveform generator at C =100pF and N =1023 show that the rise time of the output
signal is 664ns. During the PSpice simulations of the same circuit the rise time is 600ns,
which guarantee the correct degree of accuracy (6 <9,6%).

i R O PR AP
H oY)
ZOoOANWROON®O S o
o X

1., Hz 3, % £, kHz
14000 B — 6 140 [ —
1200011 ¢ = 1uF 15 120 81 C =100 pF
PERBQNEY A pe X
6000 N /f 713 60 \ N
4000 <V 12 40 44 N
2000 11 20 ‘f<
0 - 0 0 Ra=s
1024 512 256 | 128] 64 [32 |16 | 8 | 4 | 2 | 1024) 512 | 256128 | 64 | 32| 16 | 8 | 4 | 2
—o— foup 125006660 3330| 1660| 800 | 400 | 200 | 100 | 50 | 25 —— Josy | 125|57,1/34,5/22,2| 12,5/ 6,25/ 3,13/ 1,56| 0,78| 0,4
—=— [, [1296068403460|1679] 780 | 300 | 190 | 98 | 49 | 26 —a— [, | 121]562]351] 23 [12,8 6,5| 3.4 | 1,45]0,75/0,37
—— 3,% |3,68/2,7033,0041,145 25 [ 25| 5 | 2 | 2 | 4 —— 8,% |32/163/183/351 24 | 4 |887,05397]75
Fig. 3.3a. Comparison of the model and Fig. 3.3b. Comparison of the model and

experimental results for f at C =1nF" . experimental results for f at C =100pF .
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2.3. Programmable Active Filter

The third electronic circuit which is used to validate the proposed DAC model is
programmable active filter (Fig. 3.4) [7]. The circuit include universal active filter
UAF42 (Texas Instruments) and two programmable integrators with current output DAC
AD7533. The pole frequency of the filter is controlled by changing the time constant of
the integrators. The circuit realized second order Low-pass, High-pass, Band-pass and

B_ADTS336

14 18 L RFE]
o—2 o—240UT2  UREF
3 .
B— RF1 O———4GND VDD e
bt = L — bt o tdm BIT 10} —
1% 1%
bz 5 bl e S BTy
5 B ADTIZAMD 5
bis = bty =—BM3 B ITE
bt = L I W — AL BT
bhs = pv—F '] B ITE
[
350k LF RZ2
u 13| [8 1 | 1| [E o
HPF| [ADJT  BRF| |BDJZ LPF| |- T
T RZ1 RZ3
RG I i L aph——apd
s 12
: =F 19 ‘—| I—f '—H—“ 1 1ok
] Mig‘svt N1 1F WF
j_ B BR
o 3 +
[
g WEE
2 UAFEZ |
X oM +
il T
=h =h

Fig. 3.4. Programmable Active Filter
Band-reject transfer functions. The pole (center) frequency is given as

(3.5 f = 1 R N 1 N here R,~R+R (R>>R ),
" 27R,.C(R+R, )1024 27R,C 1024

and R, =R, =R,, =13k€2. The Q-factor of the active filter can be expressed as

3.6) O =R, /ﬁ:o,ms where R, =35,4kQ+1% and R, = R, = 50kQ+1%
172

(internal elements of the real IC).

Verification of the filters is performed in the same manner as a programmable
amplifier. For the PSpice simulations are performed parametric ac analyses. The input
signal is obtained from a sinusoidal generator with altering frequency. The simulations
are implemented for a ten values for the digital word, namely Bif10="1", Bit9 ="1", etc.

On the Fig. 3.5a, Fig. 3.5b and Fig. 3.5¢ are presented simulation output,
experimental results and error in percents for the pole (center) frequency versus digital
input states. The comparison gives a good agreement between the model and the real
DAC circuit, the resulting error is not higher than 12%.

3. CONCLUSIONS

In this paper verification and validation processes of the new PSpice macromodel for
commercial IC Digital-to-Analog Converters have been presented. Comparison between
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Fig. 3.5a. Comparison of the model and
experimental results for the Low-pass filter
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Fig. 3.5b. Comparison of the model and

experimental results for the Band-pass filter
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the new models and IC data
sheets provided by the manu-
facturers for the main dc and ac
electrical parameters show that
the average error is not higher
than 15%, which guarantee
sufficient degree of accuracy.

With the proposed macro-
model, the designer can quickly
determine the dominant effects
of the electronic circuits include
data converters that are difficult
to obtain with breadboarding.
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