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ABSTRACT

Computational cost of transient simulation of LA modulators
(£AMs) at the electrical level is prohibitively high. Behavioral sim-
ulation techniques arise as a promising solution to this problem.
This paper demonstrates that both, hardware description languages
(HDLs) and commercial HDL simulators, constitute a valuable
alternative to traditional special-purpose ZA behavioral simulators.
In this sense, a library of HDL building blocks, modeling a com-
plete set of circuit non-idealities which influence the performance
of ZAMs, is presented. With these blocks, XAM architectures can be
described in two different ways, which are analyzed in detail.
Experimental results are provided through several simulations of a
fourth-order 2-1-1 cascade multi-bit ZAM.

1. INTRODUCTION

Among the architectures performing signal conversion between the
analog and digital worlds, ZAMs have become very popular thanks
to their ability to solve problems exhibited by other architectures.
For instance, ZAMs do not need high-accuracy analog antialiasing
filtering and have relatively large insensitivity to circuit imperfec-
tions or noisy environments [1],[2].

During the design process of ZAMs (actually of any integrated cir-
cuit), accurate emulation of the circuit’s behavior, by using appro-
priate simulation techniques, becomes an essential step previous to
circuit fabrication. The most accurate one amid available simulation
techniques is, undoubtedly, electrical simulation. Unfortunately,
although theoretically possible, it may become impractical for cir-
cuits like XAMs. For instance, days or weeks of CPU time can be
required to estimate the signal-to-noise ratio of a typical ZAM
architecture [3],[4].

Macromodel descriptions of building blocks, i.¢., opamps, can only
simplify the problem slightly. This is because the resulting system
of differential equations must still be solved numerically. Thus,
these techniques are not fast enough for simulation of ZAMs. To
separate the analog and digital parts of the circuit and simulate them
dependently is the basis for mixed-signal (multilevel) simulation.
But as long as numerical resolution of differential equations is used
for the analog part, the extraction of ZAM performances will still be
too costly in terms of CPU time.

Event-driven behavioral simulation is a smart solution to further
reduce computational cost. This kind of simulation technique
involves a circuit partitioning into basic behavioral blocks with
fully independent functionality. This means that an instantaneous
block output cannot be related to itself, or, in other words, either

there is no global feedback loop, or in case such loop exists, there is
a delay that avoids the instantaneous dependence. A behavioral sim-
ulation of the complete circuit requires, then, a behavioral mode for
each building block of the circuit. This model takes the form of
explicit expressions relating the output variable with the input and
internal state variables.

Different approaches to behavioral simulation of ZAM have been
reported. Special-purpose approaches have been described in [4]-
[10]. These are, as their name suggests, simulation techniques spe-
cifically devoted to behavioral description and simulation of ZA
converters. Among them, the main differences are in the number of
topologies/basic blocks included, the accuracy of the models used,
the postprocessing capabilities and the friendliness of the user inter-
face. ASIDES [9] is a representative example of this group. In this
tool, both, behavioral models of the building blocks composing the
YAMs and the simulation engine, are written in C language. This
enhances the simulation speed, making ASIDES very appropriate,
not only for XAM validation, but also for ZAM synthesis (i.e., in
simulation-based optimization approaches). A drawback is that
ASIDES, like the rest of special-purpose ZA behavioral simulators,
is restricted to the simulation of this class of systems.

Simulation approaches based on HDLs (i.e., VHDL [11] or Verilog
[12] and their analog extensions VHDL-AMS [13] and Verilog-
AMS) can overcome the limitation of special-purpose approaches
since HDL simulators are found in many commercial design envi-
ronments. In this way, XAMs modeled with VHDL or Verilog can be
simulated together with other VHDL-modeled blocks and even con-
tinuous-time descriptions of blocks, modeled using VHDL-AMS or
Verilog-AMS. Furthermore, different description levels (extracted
layout, transistor, macromodel or behavioral levels) can be com-
bined into a single simulation. This is clearly advantageous when
compared with special-purpose simulators.

In this paper, the VHDL language is used to model high-perform-
ance ZAMs. Special care has been put to capture all major non-ide-
alities affecting the nominal behavior of these circuits. The paper is
organized as follows. An overview of the non-idealities considered
and modeled with VHDL is provided in Section 2. Section 3
describes two different techniques adopted to describe ZAM topolo-
gies in detail. Section 4 shows experimental results of a ZAM simu-
lation. Concluding remarks are given in Section 5.

2. HDL MODELING OF *AM BUILDING BLOCKS

A basic block representation of a XAM is shown in Figure 1. The
non-idealities degrading its behavior can be implemented separately
by including imperfections in the performance of each of the three

Iv-632



—F—m e m e —m————— ——

Y
/n
7P

Nbit

Figure 1. Basic structure of a £A modulator.

building blocks: the discrete-time filter, H(z), the quantizer and the
DA converter (DAC). The ideal behavior is as follows: the output y
is subtracted from the input signal, x, which has been sampled at a
rate larger than the Nyquist frequency. The result, after passing
through H(z), is the input to the quantizer. The goal is to reduce the
quantization power spectral density in the low-frequency range. The
simplest way to do it is to implement H(z) as a SC integrator, thus
performing a shaping on the quantization error.

2.1. SC Integrators

The integrator is the fundamental block because its non-idealities
largely affect the performance of XAMs. Figure 2 shows a typical
SC integrator used in ZAMs.

The set of non-idealities considered and modeled with VHDL are:
thermal noise, finite and non-linear dc gain, output range, opamp
slew-rate and dynamics, switch resistance and capacitor non-linear-
ity and mismatching {2]. These non-ideal effects are included in the
complete integrator model, illustrated with the flow graph in Figure
3. During the integration phase, an iterative procedure is started to
calculate the integrator output voltage, including the effects of the
finite and non-linear opamp, the non-linear capacitors, transient
response and the output range limitation [2],[14]. While most inte-
grator models limit the opamp dynamics to the integration phase,
introducing these effects also in the sampling phase may become
important, especially for high-speed applications. During the sam-
pling phase, the final value of the voltages stored in the input capac-
itors are calculated considering the values of these and the ON
resistance of the switches. The input equivalent thermal noise of the
integrator is calculated and added to the sampled voltage. Settling
errors are then evaluated.

There is a problem regarding the implementation of the settling
error model with VHDL. For ZAMs of order larger than 1, the calcu-
lation of the opamp input and output voltages requires to know the
voltage stored in the sampling capacitors of the following integrator
during the previous phase. Since each block has to be modeled
independently (e.g., its description cannot be related to variables of
other blocks), one solution is to accommodate such voltages in the
so-called dynamic external ports of the block model with VHDL. As
these ports can only have only fixed values during a simulation,
they have to be transformed into input ports, thus increasing the
‘number of input ports of the integrators. Consequently, block inter-
connection for complex ZA architectures may become a rather com-
plex task.

V2 _,C&gz “ v
12% Lp,

Figure 2. SC integrator.
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Figure 3. Complete integrator model.

2.2. Quantizers and DA converters

Single-bit architectures incorporate a simple comparator to perform
the internal quantization. A simple DA converter is then used in the
feedback loop, which does not introduce any non-linearity error.
Some comparators also exhibit a hysteresis of random nature. This
is illustrated in Figure 4(a), where the transfer curve of such a com-
parator is shown. The corresponding behavioral model of the com-
parator with hysteresis is described with the flow diagram in Figure
4(b). It presents three well-differentiated operation zones: in the

first of them, in response to an input, the output value (¥, or

V uin) is a function of the sign of l"i_ Vaff], provided that
]v,.—- Voff| > h/2 is fulfilled, where Vo[f and & represent the offset

and hysteresis of the comparator, respectively. Otherwise, the out-
put is randomly determined in the dynamic hysteresis model and
simply does not change in the deterministic model. For illustra-
tion’s sake, the VHDL implementation of the comparator model is
shown in Figure 5.

For multi-bit DA converters, characterized by an offset off; a gain
error ¥, and an integral non-linearity (INL), the model contains first
an ideal DA converter, as shown in Figure 6. The result goes
through a non-linear block with a third-order non-linearity and a
gain error block. Finally, the offset is added [2]. An analogous
scheme is used for multi-bit quantizers.

3. HDL MODELING OF ZAM ARCHITECTURES

2ZAM architectures can be described by interconnecting the building
blocks above. This can be accomplished by following two different
procedures in VHDL. The first one consists in defining the ZAM
architecture through VHDL instances [11].

The second procedure, more user-friendly, involves the use of sche-
matic capture tools. With these resources, it is possible to build
ZAMs just by placing and routing pre-defined symbols. Figure 7
shows the schematic of a 2-1-1 cascade multi-bit XAM. The same
architecture built with Mentor Graphics’s HDL Designer® sche-
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Figure 4. (a) Transfer curve of a comparator with hysteresis
and (b) its model flow graph.

LIBRARY IEEE;

USE IEEE.STD_LOGIC_1164.ALL;

USE IEEE.MATH_REAL, ALL;

USE IEEE.STD_LOGIC_ARITH.ALL;

ENTITY comparator IS

GENERIC (Vmax: REAL:= 1.5;Vmin:
Htype: INTEGER:=0):

REAL:= -1.5;

PORT (Reset:
Clock:
Xin: X
Xout:

IN STD_LOGIC;
IN STD_LOGIC;

N REAL;

OUT REAL:= Vmax;

voff,h: IN REAL);
END comparator;
ARCHITECTURE function OF comparator IS

BEGIN
PROCESS
VARIABLE n: REAL;
VARIABLE vo: REAL:= Vmin; .
VARIABLE voprev: REAL:= Vmin;
VARIABLE seedl: INTEGER:= 1;
VARIABLE seed2: INTEGER:= 2;
BEGIN
WAIT UNTIL Xin'’EVENT;
‘1’ THEN

voprev:=vo;

Xout <=
END IF;
END IF;
END PROCESS;
END function;

vo;

Figure 5. VHDL model of comparator with hysteresis.
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Figure 7. Fourth-order 2-1-1 cascade multi-bit ZA modulator.

matic capture tool is depicted in Figure 8.

In both alternatives, the user must know the number of parameters
and inputs of every building block, including the extra ports corre-
sponding to voltages in the sampling capacitors, as explained in
Section 2.1. To avoid this extra burden, an optional facility has been
developed. It allows the user to introduce just the VHDL code or
create the schematic of the modulator architecture (with no addi-
tional input ports). Then, circuit connectivity is automatically traced
and a correct VHDL code, with all extra information, is generated.
For subsequent data processing, a number of capabilities have also
been implemented as VHDL functions. This enable full exploitation
of the behavioral simulation results and allows to obtain the output
spectrum, the SNDR as a function of the input level or frequency,
the in-band error power and the effective resolution. Other VHDL
functions have been created to perform several types of analysis,
such as Monte Carlo or parametric analysis.

Figure 8. Snapshot of a 2-1-1 cascade multi-bit A modula-
tor drawn with HDL Designer®.



4. EXPERIMENTAL RESULTS

HDL simulation of £AM behavior presented here, will be illustrated
via behavioral simulations of the 2-1-1 cascade multibit ZAM of
Figure 7. The result of a VHDL-based behavioral simulation is
shown in Figure 9. There, the influence of the non-linearity of the
DA converter in the in-band error power is analyzed by performing
a parametric simulation. Compilation of the VHDL ZAM architec-

ture took 7.5s. of CPU time and simulation' took 203.5s, using
Mentor Graphics’ Advance-MS®. The same simulation required
25s. in ASIDES [2] to provide identical results (note that block
models were exactly the same in both cases). Thus, ASIDES is
more suitable for processes where repetitive simulation is required,
i.e., in simulation-based iterative optimization tasks. However, the
capability to simulate VHDL-modeled ZAMs together with other
VHDL- or VHDL-AMS-modeled subsystems suggests this as a more
flexible methodology for system-level verification.

It is very interesting to evaluate which is the accuracy of the behav-
ioural simulation and how it compares with a conventional electri-
cal simulator. The power spectral density (PSD) plots in Figure 10
were obtained from three different sources. First, it was computed,
from 65536 samples, by simulating the VHDL-modelled ZAM in
Figure 7 with Mentor Graphics’ Advance-MS®. Simulation time
was 3.6s. Second, the PSD was also obtained with HSPICE. The
simulation took 5 days of CPU time to get only 8192 samples. It can
be observed that HSPICE computes a lower error power because
thermal noise cannot be included in the transient simulation.
Finally, the PSD was measured directly from a chip prototype (a
different signal frequency has been chosen for better visualization)
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the in-band error power.
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Figure 10. Simulated and measured PSD.

! All simulations were performed on a SunFire 3800 @ 750 MHz.

5. CONCLUSIONS

HDLs together with commercial behavioral simulators are efficient
resources to perform accurate verification of ZAMs. They also
allow to combine TAMs with VHDL descriptions of digital blocks

“or VHDL-AMS descriptions of other analog blocks (even a VHDL-

AMS description of any block of the ZAM can be used). The capa-
bility to simulate £AMs within more complex systems and the inte-
gration into commercial design environments makes HDLs valuable
alternatives to special-purpose XA behavioral simulators.
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