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A REAL NUMBER MODELING FLOW OF AN ANALOG-TO-DIGITAL
CONVERTER

The process of real number modeling of an ADC converter in SystemVerilog
environment is introduced. The analog macros which are described in digital environment
usually cause problems during verification as they are not properly described. The digital
models are not able to show analog signals; hence they are not able to have a high verification
coverage. The real number modeling (RNM) suggests a solution which significantly increases
the analog verification coverage and keeps the simulation time lower compared to the
existing alternatives like Co-simulation. The RNM simulation runs 2 or more times faster
than the equivalent Spice simulation.
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Introduction. The moder digital cells which are described in Verilog/VHDL
languages are usually verified in reusable digital environments (for example,
universal verification methodology [1] or UVM). The verification cannot have full
functional coverage as the checked systems are usually very big and the
computational resources are not able to run all possible signal combinations in a
reasonable amount of time. So, in order to soften the lack of resources, the
testbenches in such environments are usually randomized, meaning that the input
signals are getting initiated and change randomly during every simulation. Such
approach helps to achieve as high functional coverage as possible.

The problems start to pop when analog macros are introduced into a digital
environment. The digital description of an analog cell is just a patch in the
environment, which does not have any functionality of the original and is just
installed, so the rest of the environment can continue working. Verification of such
environment does not cover the analog functionality of the macro, as well as the
interfacing errors connected with macro-neighboring digital cells.

In order to solve problems mentioned above, the Co-simulation methodology
is usually used. In Co-simulation, the analog part of the design is instantiated as a
Spice cell and the digital part - as Verilog/VHDL cell [2]. The whole environment
then is driven by a mixed-mode simulator [3] which allows to combine two
conceptually different models in one simulation. Thus, the analog functionality of
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the cell is described properly and the errors which are missed in the digital
environment can be caught here.

However, the Co-simulation also has several disadvantages. The main problem
with it is that the Co-simulation cannot afford a big number of simulations, because
the analog part of the environment is very resource consuming, hence the simulation
time is a lot bigger compared to a fully digital environment. So, the Co-simulation
can significantly reduce the number of errors connected with analog functionality,
however due to the lack of regression-based runs, its overall functional coverage
remains low.

To avoid the mentioned problems, the real number modeling is used instead
of Co-simulation [4]. The concept is to describe the required analog models in the
SystemVerilog language and use them during UVM environment verification instead
of Spice models [5]. The SystemVerilog language is not intended for real number
modeling, however due to its flexibility it fits all the requirements. The SystemVerilog
is used as a base for RNM because the most widespread digital environment
verification tool is the UVM. It is also written in SystemVerilog and is easily
compatible with the Verilog language. The user can replace the digital models with
RNM without additional tuning.

Real number model-based environment runs much faster than the one based
on Co-simulation, hence allowing to keep the randomized regressions in place
which greatly increases the verification coverage compared to the fully digital
UVM environment. Additionally, the verification coverage is increased even more
by the fact that the suggested real number models also provide PVT randomization.

Problem description. There are several common submodules which were
implemented and used during the ADC design:

o bit-to-analog signal converter;

o resistance ladder;

e analog comparator.

The presented RNM ADC is based on the flash ADC circuit [6] which is
initially described in HSPICE [7] circuit simulation tool. The main advantage of
such ADC is the high speed and simple circuitry. The main disadvantage is the
number of comparators resulting in more occupied area and offsets. The voltage
buffer connected to the output can be accounted while it is not mandatory in terms
of RNM vs HSPICE verification.

The architecture of a 16-bit flash ADC which is shown in Fig.1 has been
implemented for both SystemVerilog and Spice formats for further research.
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Fig. 1. ADC RNM model block scheme

The target is the creation of a functional RNM ADC model and its
verification with comparison of RNM ADC signals against the equivalent HSPICE
model’s signals. Several suggested RNM milestones should be met during model
creation (described in detail below). The RNM and Spice models should be
simulated using the same SystemVerilog testbench.

Submodule descriptions. The first RNM submodule is the bit-to-analog signal
converter, which acts as an interface cell between RTL and RNM functionalities. It
converts a digital signal to an analog voltage dictated by conversion laws. The laws
are described by the group of variables listed below:

“rise_time” — shows the duration of the rising edge;

“fall_time” — shows the duration of the falling edge;

“high_volt” — shows the voltage level of logical 1 value;

“low_volt” — shows the voltage level of logical 0 value;

“x_state” — shows the voltage level of logical X state;

“z_state” — shows the voltage level of logical Z state.

As shown in Figures 2 and 3, configuration can be changed during the
simulation and their effects (rise/fall edge durations, high/low voltage levels, etc.)
will be applied to the output signal immediately.

The second RNM submodule is the resistance ladder with 16 analog outputs.
They are resoluted based on the VDD value. There are 18 resistors in the ladder —
the “rhead” and “rfoot” limit the analog signal’s conversion range from up and
down. The “rstep” resistors are responsible for the reference voltage levels.
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Fig. 2. The ADC “‘rise_time”, “fall _time”, “high _volt”, “low volt” configuration variables
and their effects on the output signal in SystemVerilog simulator
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Fig. 3. The ADC “level” variable effect on the output

Also, in the real circuit, there is a PVT factor. The PVT factor is represented
as a “res_scale” variable. During the verification, the “res_scale” variable should
be randomized in the range of (-1, 1), where 0 provides the nominal resistance
values, -1 — (nominal — 10%) and +1 — (nominal + 10%). The user can also exceed
the range if there is a need.

The resistance ladder’s analog model has two analog inputs — VDD, VSS
and a sixteen real bus outputs. Each of the outputs then goes into an appropriate
comparator and is compared against the input signal. The resistance ladder’s analog
outputs depend on internal resistor values and are calculated by using simple
voltage divider equations as shown in Fig. 4.

67



assign rstep
assign rfoot
assign rhead

(res scale > © ) ? 220 - res scale * 22 : 220 - res scale * 22 ;
(res_scale > @ ) ? 12600 - res scale * 1260 : 12600 - res scale * 1260 ;
(res scale > @ ) ? 2730 - res scale * 273 : 2730 - res scale * 273 ;

real vmax, vmin, vstep;

assign vmax VSS + ( 128 * rstep + rfoot) * (VDD - VSS) / (rhead + 128 * rstep + rfoot)
assign vmin VSS + ( rfoot * (VDD - VSS) ) / (rhead + 128 * rstep + rfoot);

assign vstep = ( vmax - vmin ) / 128 ;

genvar 1i;

generate

for (1=0; 1<128 ; i=1+ 1) begin
assign n[i] = (i + 1) * vstep + vmin ;

end

endgenerate

Fig. 4. The resistance ladder module

The analog comparator RNM submodule compares 2 analog signals and
outputs a digital result. Besides, in order to simulate a real circuit behavior, the
comparator has additional variables responsible for offset and hysteresis effects.
They can be set from the top cells by cross-module reference.

Offset and hysteresis effects are important in real comparators and may
affect the output significantly, especially if the comparators are used for sensitive
applications like duty cycle correction or delay calibration. At the same time, the
offset is usually hard to predict as it changes not only from circuit to circuit but
also from corner to corner. Hence it is a good thing to have a settable offset inside
the RNM comparator model. An example of offset and hysteresis effects in the
model is shown in Fig. 5.

[} . . . . B0 . . . . 100 . . . . 150 200

w o g i
» T

[
350m

| <

sec (in) o ' ' ' : sopliss1p | ! ! : 1000 ! ! : ' 150p ' Eioop' ' ' 200p

Fig. 5. The RNM comparator offSet and hysteresis
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There is also a “fat-tree” logic thermometer to the binary encoder which
converts the thermal codes (outputs of the sixteen comparators) into a binary
output. The cell is fully digital; however, it also contains analog delays which are
PVT-dependent. The delay dependency is linear and is controlled by the
“delay_scale” variable. During the verification, the “delay scale” variable should
be randomized in the range of (-1, 1), where 0 provides the nominal delay values, -
1 — (nominal — 10%) and +1 — (nominal + 10%). The user can also exceed the
range if there is a need. The current delays were taken from real standard cells with
thel4nm technology.

There were several RNM milestones which this project was meant to achieve
during the model creation. The milestones are general and do not consider only the
ADC model. Those are the following:

1. Have as many digital ports as possible.

2. Keep as much internal logic digital as possible.

3. Make the model PVT-dependent.

4. Model hierarchy and elements (like resistances and nodes) should be
similar to the Spice model.

5. Use real-type variables instead of parameters for model configuration.

Milestones Nel and Ne2 ensure minimal effort during model integration into
the already existing digital environments. Ne3 increases functional verification
coverage. Ne4 simplifies node-to-node equivalency checks and makes the overall
verification methodology stronger. Ne5 makes it possible for the user to change the
model configuration at any time during the simulation. Such approach allows to
create interesting testcases with dynamic configuration for example checking jitter
effects by applying noises on supply.

The ADC model has 3 inputs — “VDD”, “VSS”, “in”, and 1 output bus — “code”.

® “VDD”, “VSS” are the source nodes and are digital;

® “in” is an analog input signal which should be converted into an appropriate
code;

e “code” is an output bus.

RNM ADC contains 3 different analog submodules. d2a converters (mentioned
as bit-to-analog signal converters), a resistance ladder, and analog comparators.

According to the mentioned milestones the input source ports — VDD, VSS
are digital. However, the resistance ladder expects analog VDD and VSS inputs.
To convert the signals, there are two “d2a” converters.

The resistance ladder creates reference voltages which are later compared
against the input signal via analog comparators. The output thermal code is then
converted into a binary code by the “fat-tree” thermometer to binary encoder.
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Also, there are several variables which should be configured from the top
cells through a cross-module references. At the same time, the configuration
variables are passed to the internal submodules.

“initial” block passes configuration variable values to the internal submodules.

The “VDD_value” variable is passed to the VDD converters and affects the
VDD signal’s high level. In general, it is recommended to randomize this signal
too as the voltage is also part of the “PVT”. The “VSS value” variable is similar to
the “VDD_value” except it is responsible for the VSS signal. “simulation_level” is
passed to the d2a converters. The effects of this variables are described in
appropriate paragraphs.

Model verification. To have a reliable verification, the RNM model must be
compared with Spice model in exactly by same conditions. To execute such a
comparison, a Co-simulation environment with a SystemVerilog top testbench was
created. The testbench is common between Spice and RNM models and calls them
in parallel.

The RTL testbench is also responsible for passing the RNM configuration
variables to the RNM model. It calls the RNM model and Spice model with
appropriate interfacing and passes the same inputs to them. If the interfacing and
the configurations are done properly the outputs of two models should match in
terms of functionality. The environment block scheme is presented. Fig. 6 shows
an abstract scheme of Mixed-Signal verification environment.

RTL testbench
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'
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Verllog to Spice interfacing / i .+ ¢ N\

[Configuration variables]

Spice model RNM model

Spice to Verilog interfacing \ /

Fig. 6. DAC RNM model verification environment
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The Spice model’s scheme (Fig.7) includes a resistance ladder, comparators
and a thermometer to binary encoder logic. All RNM resistors are matched with the
Spice resistors.

e

Fig. 7. The spice TG based DAC model

Simulation Results. Simulation checks all possible output code combinations,
while the input is gradually changing from 0 to VDD.

The gradually rising ADC input “in” is common between the two models
and the appropriate RNM and Spice code outputs (shown in Fig. 8) are compared
one with the other. The resistance ladder output voltage difference between RNM
and Spice at nominal conditions is less than 1 mV. The output codes’ edge difference
between RNM and Spice models is less than 10 ps.
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Fig. 8. The spice vs Verilog wave-to-wave comparison
Table

Simulation results

Simulation duration in seconds Resultmg wave file (fsdb) size
in megabytes

Spice model 616.93 395

RNM level 1 327.35 1480
RNM level 2 78.21 384.4
RNM level 3 50.27 234.5
RNM level 4 30.42 142.5
RNM level 5 25.96 114.8
RNM level 6 23.78 101.2

The table above presents the results of several Co-simulations. The first line
shows the run time and the resulting wave file size of the Spice model. The rest of
the lines show the RNM model usage with different simulation level parameters.

Conclusion. An RNM ADC was implemented and verified against a similar
Spice model. Despite the introduced 7 ps across PVT mean error, the RNM ADC
provides 2-300 times higher simulation speed (depending on the level) compared to
the Spice. At the same time, the RNM model exists only in the SystemVerilog
domain which greatly simplifies its integration into the already existing digital
environments.
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ULULNQUEYUSPL UEMMUCNUP2D PLUTUL A4 EMNY UNTGLUYNCTUTL
GrenkNkr LeuruerNreEsNrue

Lwpugpyud £ wbwnqupyuiht jipyuithnjubsh hpuljub ptpm] dnnbjunjnpdwi
qnpépupwgp SystemVerilog vhowjuypnud: Ulwynquyhtt pohottipp, npnup tjwpugpjus tu
1hunud pduyphtt Uhowjuypnid, unynpupwp phunnwynpuiut pipwugpnid fuunhputp o wnw-
owgunid ny wuwnpwd tjupugpdus (hubnt yquwndweny: BJuyht dnpbjubpp nibwly sk
gmgunplim whwnquyht wqnuiswhibkp. htnbwpup gpuip h Yh&wlh sk nibbugm
unnigdut juyb Swsynyp: Ppujub pytpny dnpijuynpiwdp wowewplynud £ jnidnwd, npp
qquhnplt Ukdwginud £ whwinquyhtt uinniquut Swsynypen b pny) k niuhu ntbkuwg wdbth
Jwp tlwbwpuwi dudwbwl hwdbdwnws gnympynih niikgnn wyplunpubpbbpht, npni-
ghg k& ophtiuly hudwinfwiwpynidp: Ppuljwl ptpny dnpljunpws Yhpyuihnjuhsh dw-
twpynuip phpwtnid k2 jud wth wiqud wpug  hudwpdbp Spice Unnbjunpuwb hu-
dbdwwn:

Unwhgpuyhlr punkp. wawnqupquyht ipwywnhahs, SystemVerilog, hpuljut pyt-
pny Unphjuynpnud, hwdwbdwbwpnid:
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B.1LI. MEJIMKSH, B.JI. OBAHHUCSH, M. T. 'PUT'OPSH,
A.A. ABETHUCHH, A.T. TPUT'OPSIH

MAPHIPYT MOAEJINPOBAHUSA AHAJIOT'O-IU®POBOI'O
IPEOBPA3OBATEJISI HA IEMCTBUTEJIbHBIX YHUCJIAX

[TpexncTaBneH MaplipyT MOJEIHUPOBaHKs aHAJIOTro-LU(PPOBOro mpeodpa3zoBaTels Ha
JeHCTBUTENBHBIX IUppax B cpene SystemVerilog. AHaIOToBBIE IETH, KOTOPHIE OMUCHIBAIOTCS
B 11M(pOBOH cpeze, 0OBIYHO MPUBOAAT K MPoOJIeMaM BO BPEMsI TECTUPOBAHHIA, TOCKOIBKY
HE OMHUCHIBAIOTCS TOJDKHBIM 00pa3zoM. [{udpoBbie Moenn He CITIOCOOHBI ONTUCHIBATH aHAIO-
TOBBIC CHTHAJIBI, CJICJOBATEIbHO, OHU HE CIIOCOOHBI UMETh BBHICOKHI OXBaT MPOBEpKU. Mo-
JICTIMPOBaHKE HA JICHCTBUTEIBHBIX YKMCIIAX MPEJIaraeT pelieHre, KOTOPOe 3HAYUTEILHO yBe-
JINYUBAET OXBAT QHAJIOrOBOTO TECTHPOBAHUSI U COXPAHSET BPEMsI MOJICIUPOBAHUS HIKE, YeM
CYIICCTBYIOIIUE aJbTCPHATUBBI, TAKHE KaK COBMECTHOE MOJICIIMpOBaHHE. MoIepoBaHue
Ha JICHCTBHUTENFHBIX YHCIaX padoTaeT B JBa WiH Ooyiee pa3 ObIcTpee, YeM SKBUBAICHTHOE
MOJIeJIMpOBaHue Spice.

Knouesvie cnosa: ananoroso-muppoBoit mpeodpasosatenb, SystemVerilog, Momenu-
pOBaHKe Ha JICHCTBUTENBHBIX YHCIIAX, COBMECTHOE MOJCINPOBAHHUE.
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