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Today SoC'’s are Mixed-Signal

*No SoC's are purely digital or purely analog

* Many SoC’s are digital on outside and analog on inside
* Chip-level testbenches are usually in SystemVerilog (UVM)

Digital
1010111...

DRAM



With No Clear A/D Boundaries

* Often, analog and digital parts form a feedback loop;
making it difficult to verify one without the others
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Goal: Verify SoC’s in SystemVerilog

* To achieve this goal, we need capabilities to:
* Simulate analog models in SystemVerilog
* Auto-extract models from analog circuits

SystemVerilog Testbench (UVM)




XMODEL: Enable Analog for SV/JUVM

* A plug-in extension that enables fast and accurate
analog/mixed-signal simulation in SystemVerilog

* Event-driven: 10~100x faster than Real-Number Verilog
* Analog: supporting both functional and circuit-level models
* SystemVerilog: enabling analog verification in UVM
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Event-Driven Simulation of Analog

* How do we extend the Verilog’'s event-driven algorithm
to simulating analog circuits?
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Expressing Analog Events

* XMODEL expresses analog signals in functional forms
instead of using a series of time-value pairs:

x(t) = Z c;it"ie it
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Propagating Analog Events

* With the signals transformed into Laplace s-domain:
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* The response of a system can be computed in an event-
driven manner without time-step integration:

input low-pass filter output response
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XMODEL's Event-Driven Simulation

* XMODEL triggers very few events during simulation
and hence achieves very fast speed

Signals

W WO0:tb_channel.

B WO0:tb_channe

W WO:tb_channel.tx
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Block-Level vs. Circuit-Level Models

Block-Level Model Circuit-Level Model
(Signal-flow Model) (Conservative System Model)
N
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A network of circuits
A network of blocks whose state is described

where signals flow in by voltages & currents

one direction only e.g. loading effects



11

Need for Circuit-Level Models (CLMs)

* Circuit-level models are the most natural way to model
switching, nonlinear, and loading effects in analog
circuits

Switching Behaviors = Nonlinear Behaviors Loading Effects
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CLM Support in XMODEL

*In XMODEL, one can describe analog circuits directly by
listing the circuit’s elements and devices

* XMODEL can simulate these models in SystemVerilog
in event-driven fashion without invoking SPICE

. module sc_converter(
n input xreal in,
! output xreal out,
input xbit ck, ckb

ck \ ckb .
: O— xreal nl, n2:

C—— Ck switch swl(.pos(in), .neg(n1), .ctrl(ck));
-1 E switch sw2(.pos(n1), .neg(out), .ctrl(ckb));
oO——> out switch sw3(.pos(n2), .neg(out), .ctrl(ck));
switch swld(.pos(n2), .neg( ground), .ctrl(ckb)):;
ckb- —_ capacitor #(.C(1e-12)) C1(.pos(n1), .neg(n2)):
capacitor #(.C(1e-12)) C2(.pos(n2), .neg( ground));
A4 endmodule




. )3

CLM Support (1): Circuit Clustering

* XMODEL partitions the circuit into clusters that can be
solved separately

* Signals across the cluster boundaries are unidirectional
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CLM Support (2): TF Extraction

* For each cluster, XMODEL extracts the transfer function
(TF) between its inputs and outputs

* Then, the XMODEL's event-driven algorithm can
compute output events from the input events
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PWL Models for Nonlinear Elements

* XMODEL models nonlinear elements (e.g. diodes and
transistors) using piecewise-linear (PWL) models

* In each operation region, D D
. - . . | = f(Vep)
the circuit yields a linear TF O_”:I _
* Switchintoanew TF 1= f(Vos)
S S

when the region changes




Structural Model Generation

* The first way to auto-generate models from circuits
* Model each device in the circuit individually

* Build the circuit model by connecting the device models
as in the original circuit

mm 16

module ctle (
“input xreal inp, inn, // input signals
“output xreal outp, outn // output signals
)i
RL
xreal sp, sn;
xreal vdd;

vsource #(.mode("dc"), .dc(Vdd))
V1(.pos(vdd), .neg( ground), .in("ground));
isource #(.mode("dc"), .dc(Ib/2))
o_| |_o I1(.pos(sp), .neg( ground), .in("ground));
gm R I2(.pos(sn), .neg( ground), .in("ground)):;
C nmosfet #(.Kp(Gm), .Vth(Vth))
m M1l(.d(outn), .g(inp), .s(sp), .b("ground)),
11 M2 (.d(outp), .g(inn), .s(sn), .b("ground)):;
1 resistor #(.R(Rload))
RL1(.pos(vdd), .neg(outp)),
CC RL2 (.pos(vdd), .neg(outn));
IB/2 capacitor #(.C(Cload))

CL1l(.pos(vdd), .neg(outp)),
CL2(.pos(vdd), .neg(outn));
resistor #(.R(Rc)) RC1l(.pos(sp), .neg(sn));
capacitor #(.C(Cc)) CCl(.pos(sp), .neg(smn));

XPIOPElePrantitives

endmodule




MODELZEN: Extract Bottom-Up Models

* MODELZEN can automatically generate bottom-up
analog models from your circuit schematics or netlists

* Extracts structural, circuit-level models by default
* Model parameters are calibrated via SPICE simulations
* Extracted models also simulate in an event-driven way

&l ae

SPICE/Spectre Input Netlist Topology Device Model Output Model XMODEL
Netlist Parsing Analysis Fitting Generation Netlist
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* With GLISTER and MODELZEN, you can auto-create
i ] n ., yOU can auto-cr
single mouse click! - S -
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1l n Check-in License Output File or Directory
% ’r:j /modelzen.run/model/ringosc.sv B
1. n4
1L ns

Configuration File

Property Editor 78X

ftech_config.py

Design Information File

/modelzen.run/netlist/modelzen_ex.ringosc:schematic/dbinfo_ringosc.xml

| R
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Two-Stage Op Amp Example

* MODELZEN generates correct-by-construction,
structural models using circuit-level primitives

2] Virtuoso® Schematic Editor L Editing: modelzen_ex opamp schematic.
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File Edit Search View Document Project Build Tools Help

xmodel.sv 3}
nclude

// TOP-LEVEL MODULE opamp
module opamp (out, inn, inp, vbn, vdd, vss);

L vss;
L inp;
real vbn;
L inn;
L vdd;
1 out;

parameter real m = 1.0;

xreal n@;
xreal nl;
xreal tail;

nmosfet #(.W(4e-06), .L(1.8e-07), .Vth(0.6), .Kp_data('{0.264,1.434e-06,0.432,2.
capacitor #(.C(1le-13), .m(m)) CO (.pos(nl), .neg(out));

pmosfet #(.W(8e-06), .L(1.8e-07), .Vth(0.6), .Kp_data('{0.24,1.563e-07,0.408,3.¢
pmosfet #(.wW(3.2e-05), .L(1.8e-07), .Vth(0.6), .Kp_data('{0.24,1.564e-07,0.408,:
nmosfet #(.W(le-06), .L(1.8e-07), .Vth(0.6), .Kp data('{0.264,1.423e-06,0.432,2.
nmosfet #(.W(1.2e-05), .L(1.8e-07), .Vth(0.6), .Kp data('{0.264,1.436e-06,0.432,
diode #(.model( ), .vVon(®), .Ron(0.01), .Roff( INFINITY), .R data('{ INFINII
nmosfet #(.wW(4e-06), .L(1.8e-07), .Vth(0.6), .Kp_data('{0.264,1.434e-06,0.432,2.

endmodule

line: 34 / 34 col: 0 sel: 0 INS SP mode: LF encoding: UTF-8 filetype: Syste...



Op Amp Simulation Results

* Models both nonlinear behavior when it’s in open loop
and linear behavior when in closed-loop feedback
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Pipelined ADC Example

* An 8-bit pipelined ADC designed in PTM 45nm with
dual power supplies (vddD=1.2V and vddA=3.3V)

* Operates at 200MHz with full-scale range of 0.5V |
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CLM Extraction Approach (1)

* Assign MODELZEN pin properties so that digital I/O
pins have xbit or bit types with proper conversion

2
33 &8
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CLM Extraction Approach (2)

* Specify a list of digital cells in tech_config.py file so
that MODELZEN can extract simpler models for them

1.2V logic gates: std_inv, std_mux, std_fulladd, std_dff, ...
* 3.3V logic gates: hv_inv, hv_nand2, hv_nor2, hv_xor, ...
*1.2V <>3.3V level converters: conv_hizlow, conv_low2hi

# subckt-specific device mapping
cells digital = [
wildcard("std_*"),
wildcard("hv_*"),
wildcard("conv_*"),
]
devicemap _digital = derive_devicemap(devo_devicemap, convto _digital)
update_subcktmap(cells digital, devicemap_digital)



CLM Extraction Approach (3)

* Specify a list of switch cells in tech_config.py file so
that their transistors can be extracted as switches

* e.qg. switches used for switched-capacitor circuits

cells switch = |
"diffOTA_CMFB",
"sh_amp",
"MDAC",

]

devicemap_switch = derive_devicemap(devo_devicemap, convto_switch)
update_subcktmap(cells switch, devicemap_switch)

* Adding this option also helps:

devo_options['reduce_dev'] += ["nmosfet->switch", "pmosfet->switch"]

. )/
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CLM Extraction Approach (3): MDAC

* We want to model the tran5|stors in MDAC as switches
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Bottom-up Model Extraction

* Just clicking "Run MODELZEN" icon on the top-level
schematic extracts models from the entire circuit

* The extracted model is imported to an xmodel view

‘Virtuoso® Schematic Editor L Editing: pipelined adc_ckt ADC_top schematic
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§ ! : ; : [> Run XMODEL Simulation
H
inp [p—m=ios Stop XMODEL Simulation
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& B——uBin IR SN “JW Open Waveform Viewer E e - =
538 #38 £FE 3 Add Waveform Probe o 3 EE V1 Dradsdi 3y Leeigft 350" [#ek 68
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Extracted SystemVerilog Models
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* pipelined_adc_ckt.ADC_top:xmodel

xbit
xbit
xbit
xbit
xbit
xbit
xbit
xbit
wire
wire
wire
wire
wire

// XMODEL/SystemVerilog model generated from ./medelzen.run/netlist/pipelined adc_ckt.ADC
// By MODELZEN (XMODEL Development Base) on Tue Aug 24 00:31:23 2021

“include “xmodel.h'

// TOP-LEVEL MODULE ADC top
module ADC_top (Dout, ck, innm, inp, trim, vcm, vddA, vwddD, vreflp5, vrefH, vrefL, vss);

“input_xbit ck;
input [2:0] trim;
input_xreal vddD;
“input_xreal vss;
output [7:0] Dout;
“input xreal vddA;
input_xreal inp;
input_xreal inn;
“input_xreal vrefL;
“input xreal vrefH;
“input_xreal wvem;
“input_xreal vreflp5;

parameter real m = 1.0;

ckl;
ck2;
ck3;
ckd;
ck5;
ck6;
ck?7;
ck8;
ckdl;
ckd2;
ckd3;
ckdd;
ckds;

// MODULE SUB_ADC top conv_hi2low
module SUB_ADC top conv_hi2low (out, in, vddH, vddL, vss);

“input_xreal wvss;
input xreal wvddL;
input xreal vddH;
input_xreal in;

input_xreal out;

parameter real m = 1.0;

xreal inb;
xreal mid;
xreal midb;

SUB_ADC_top_hv_inv #(.wp(1l.6e-06), .mult(1l), .wn(8e-07), .m(m)) Il (.out(inb), .in(in), .v
SUB_ADC_top_std inv #(.wp(4e-07), .mult(1l), .wn(2e-07), .m(m)) I2 (.out(out), .in(midb),

pmosfet #(.W(2e-07), .L(4.5e-08), .Kp(4.159e-05), .Vth(0.48), .Cgb('{1.016e-09,1.393e-09,1
nmosfet #(.w(1.6e-06), .L(1.8e-87), .Kp(4.208e-05), .Vth(0.924), .Cgb('{1.501le-09,1.998e-C
pmosfet #(.w(2e-07), .L(4.5e-08), .Kp(4.159e-05), .vth(0.48), .Cgb('{1.016e-09,1.393e-09,1
nmosfet #(.W(1.6e-06), .L(1.8e-07), .Kp(4.208e-05), .Vth(©.924), .Cgb('{1.501le-09,1.998e-C

endmodule

// MODULE SUB ADC top conv_ low2hi
module SUB ADC top conv low2hi (out, in, vddH, vddL, vss);

input_xreal vss;
“input xreal wvddL;
“input_xreal vddH;
input_xreal in;

input xreal out;

parameter real m = 1.9;

wire ckd6;
wire ckd7;
wire ckds;
wire [1:0] dl;

xreal
xreal
xreal
xreal

inb;
mid;
midb;
nete22;

wire
wire
wire
wire
wire
wire
wire
xbit
xreal
xreal
xreal
xreal
xreal
xreal
xreal
xreal
xreal
xreal
xreal
xreal
xreal

[1:0] d2;
[1:0] d3;
[1:0] d4;
[1:0] d5;
[1:0] d6;
[1:0] d7;
[1:0] d8;
netd7;
net4g;
netdg;
vbem;
vbn;
vbp;
vnl;
vn2;
vn3;
vné;
vnS;
vné;
vn7;
vn8;

xreal net@23;

nmosfet #(.W(4e-07), .L(4.5e-08), .Kp(8.887e-05), .Vth(©.468), .Cgb('{9.69e-16,1.39¢-089,1
SUB_ADC_top_std_inv #(.wp(4e-07), .mult(1l), .wn(2e-07), .m(m)) Il (.out(inb), .in(in), .vd
SUB_ADC_top_hv_inv #(.wp(1.6e-06), .mult(l), .wn(8e-07), .m(m)) I2 (.out(out), .in(midb),
nmosfet #(.W(1.6e-06), .L(1.8e-07), .Kp(4.208e-05), .Vth(0.924), .Cgb('{1.501e-089,1.998e-C
pmosfet #(.W(8e-07), .L(1.8e-07), .Kp(2.554e-05), .Vth(1.188), .Cgb('{1.327e-09,1.792e-09,
nmosfet #(.W(1.6e-06), .L(1.8e-87), .Kp(4.208e-05), .Vth(0.924), .Cgb('{1.501le-09,1.998e-C
pmosfet #(.W(8e-07), .L(1.8e-07), .Kp(2.554e-05), .Vth(1.188), .Cgb('{1.327e-09,1.792e-09,
nmosfet #(.W(4e-07), .L(4.5e-08), .Kp(8.887e-05), .Vth(0.408), .Cgb('{9.69e-10,1.39e-09,1

endmodule

// MODULE SUB_ADC_top_diffOTA
module SUB_ADC_top_diffOTA (voutn, voutp, vbem, vbn, vbp, vddA, vinn, vinp, vss);

“input xreal vbcm;
input xreal voutp;
input_xreal vss;
input xreal wvddA;
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Simulated Results: tb_rampinput

e pipelined_adc_ckt.ADC_top:tb_rampinput
* Simulation runtime: ~19 min.

Signals Values Waveforms

W WO:tb_rampinput.inp X
W WO:tb_rampinput.inn X

W WO:tb_rampinput.Dout[7:0] X

\Momentary glitches;
~__Not code errors

) I I I ]
+ Add Signals 500ns lus 1.5us 2L




Simulated Results: tb_rampinput (2)
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* Digital and residual outputs of the individual stages:

Signals

Vresa

W WO:tb_rampinput. DUTIUNITL.outp
W WO:tb_rampinput. DUT.IUNITL.outn

Da

W WO:tb_rampinput. DUT.IUNIT1.D[1:0]

Vres2

W WO:tb_rampinput. DUT.IUNIT2.0utp
WO:tb_rampinput.DUT.IUNIT2.0utn

D2

W WO:th_rampinput. DUTIUNIT2.D[1:0]

Vresg

W WO:tb_rampinput DUT.IUNIT3.outp
B WO:th_rampinput.DUT.IUNIT3.outn

D3

W WO:tb_rampinput. DUT.IUNIT3.D[1:0]

Vress

W WO:tb_rampinput. DUTIUNIT4.outp
W WO:tb_rampinput. DUTIUNIT4.0utn

W WO:tb_rampinput. DUT.IUNIT4.D[1:0]

+ Add Signals

Values

X

X

Waveforms

22 i | -

2
1‘8
16
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b

L L
500ns 1us 15us 2L
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Simulated Results: tb_sineinput

* pipelined_adc_ckt. ADC_top:tb_sineinput
* Simulation runtime: ~20 min.

Signals Values Waveforms

W WO:tb_sineinput.in
W WO:tb_sineinput.inn X

W WO:tb_sineinput.Dout[7:0] X

A - T T
Not code éerrors

L 1
+ Add Signals 500ns 1
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Simulated Results: tb_sineinput (2

* The residual outputs of the individual stages:

Signals

Vresai

B WO:tb_sineinput.DUT.IUNIT1.outp
W WO:tb_sineinput.DUT.IUNIT1.outn

Vres2

W WO:tb_sineinput.DUT.IUNIT2.outp
W WO:tb_sineinput.DUT.IUNIT2.outn

Vres3

WO:tb_sineinput.DUT.IUNIT3.outp
W WO:tb_sineinput.DUT.IUNIT3.outn

Vress

B WO:tb_sineinput.DUT.IUNIT4.outp
W WO:tb_sineinput.DUT.IUNIT4.outn

+ Add Signals

Values
22

Waveforms
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800m
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X 16
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Structural Model Generation

* Pros: enables a push-button flow generating correct-
by-construction, SPICE-accurate analog models
without requiring analog expertise

* Cons: the resulting circuit-level models are low-
abstraction, transistor-based models that have
limited simulation speeds

* Q: Can we generate functional models using the
MODELZEN's push-button flow?
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Functional Model Generation

* Functional modeling focuses on the circuit’s functions
instead of its structure (i.e. topology):

* Choose a template model based on the circuit’s functions
* Calibrate its model parameters via SPICE characterization

u(t) — — — y(t)
/filter

paly_func

Parameter Calibration



-User-Defined Model (UDM)

* The User-Defined Model (UDM) interface of MODELZEN
lets you generate higher-abstraction models with
SPICE-calibrated parameters for any selected parts of
the circuits

(((((((

Use functional
= models!

Amplifier

value — gain, bandwidth, ...
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Functional Modeling with UDM

* For instance, you can auto-generate a functional
model for an oscillator circuit of which frequency
characteristics are calibrated by SPICE simulation

Edit MODELZEN Properties for Instance Group

User-Defined Model (UDM) Mapping
Model vco_vi n

ate Check Options Window

‘& xmodel.sv - /home/jaeha/projects/dac_demoj/tutorial/xmodel_pll/cadence/fracN_ - o x

File Edit Search View Document Project Build Tools Help

Port Mapping

IN - ﬂ
ouT out_[3

xmodel.sv 3

// TOP-LEVEL MODULE vco
module vco (OUT, IN, vdd, vss);

~ oBJEcTs
A L v i3 put m;
Instances 7 input P
Nets T vss s ' i : it :33
Pins =F - .
Netsand P output_xbit OUT;
~ GROUPS Option Parameters parameter real m = 1.0;
Cels ! .0;
S | !neutRange (min, max) 400.6m, 700R | py INSTO vco vco vl UDM INSTO (.out(OUT), .in(IN), .vdd(vdd), .vss(vss));
Nominal Supply Voltage 1 endmodule
Internal Node with IC N©

// UDM MODULE UDM_INST@ vco vco vl

module UDM_INSTO_vco_vco_vl (out, in, vdd, vss);
«» ot

in;

vdd;

L vss;

inp
parameter real m = 1.0;

xreal freq;

pwl_func #(.data('{0.4362,62400000.0,0.4558,76480000.0,0.4716,94890000.0,0.4955,
1377600000.0,0.5273,222300000.0,0.5729,348600000.0,0.6989,604100000.0})) u_pwlfunc
(.in(in), .out(freq));

freq_to_clk u_freqtoclk (.in(freq), .out(out));

< > endmodule
mouse L: schSingleSelectPr() M: schZoem it(1.0 0.9) R: schibouse PopUp()

2| cma sen1 | line:110/148 col:9  sel:0  INS SP mode: LF  encoding: UTF-8 filetype: SystemVeril



Defining UDM Mapping on Circuits

* Select part of the circuits to be mapped to a UDM and
right button C|IC|( on “MODELZEN Properties”

Launch FEile Edit View Create Check Options Window GLISTER Help (édence
. = ’ — —~ = 7 !
Uz F 0 WX O T ¢ R-T~-=-F-|QQ Q&% 1L L »E
=) 1 1§ m
Basic BE & [ A Iy o & B~
Navigator 2.8 X] . . .
semmmmm——d O pEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE -
Schematic L
ctle_core
~ OBJECTS
All <~
Instances 12 —
Nets <>
Pins 6
Netsand Pins D
~ GROUPS w
Cells =
Types M
—~~ Multiple ~—
Deselect All
x Delete Del
g 0 [id Stretch M
Property Editor 78 X| [ copy C
4+ Move Shift+M

’ U Properties

MODELZEN Propenies

Find

. Zoom To Selected Ctri+T

‘= Zoom Qut [

mouse L: schSingleSelectPt])

M: schZoomFit{1.00.9) R: schHiMous| %%, Zoom To Fit F
2(3) | cmd: =0 ]




Defining UDM Mapping on Circuits (2)

* Edit MODELZEN Properties dialog window will appear
where you can map each “pseudo-terminal”
to a UDM port and define UDM parameters

Virtuoso® Schematic Editor L Editing: ctle_model ctle_core schematic * Ed't MODELZEN Propemes for Instlnce Group
Launch File Edit View Create Check Options Window GLISTER Help
= User-Defined Model (UDM) Mapping
" & d 0 X QT Av‘v."‘_avgv\_&;«,.qﬁl:lhllw_ﬁl:
b . " e 7 9 ¢ &~-T . = = G © — = Model ctle_devl '
R= @ 4} T P ST -
[ Mavigator 78 x| . . Port Mapping
Schematic
cte.com vdd vad @
~ OBJECTS
All out
s . outp B
Net 9
Pin: 6 inn in '
Nets ani d Pins
out
~ GROUPS outn n
Cells
Types inp in B
gnd! VSS n
bias vbias n
* D Option Parameters
| Property Editor 2.8 x|
Input Common-Mode 8.65
74 objects selected _Show
Input Peak-to-Peak Swing 8.5
Supply Voltage 1.2
m _Cancel | Defaults | Help
—— schAddSelectPt) B ;
23) | » Cmd: Sel: 74 J|
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UDM Definition

*Each UDM is a Python class that defines:
* A list of terminals and option parameters
* Functional model template
* SPICE simulation steps to fit the model parameters

class pwm_v1 (devo _udm):
terms = {
‘in' : dict(direction="input", sigtype="xreal", width=1),
‘out' : dict(direction="output", sigtype="xbit", width=1),
‘vpwr' : dict(direction="input", sigtype="xreal", width=1,
paramtype='real', prompt='Value', default=1.2),
‘vgnd' : dict(direction="input", sigtype="xreal", width=1,
paramtype="real', prompt='Value', default=0.9),
‘vbias' : dict(direction="input", sigtype="xreal", width=[0,None],
paramtype="real', prompt='Value', default=0.7),
"ibias' : dict(direction="input", sigtype="xreal", width=[0,None],
paramtype="real', prompt='Value', default=0.9),
}
params = {
‘range_in' : dict(type="real_array", prompt="Input Range (min, max)", default=[0.2,0.8]),
}
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Quest for Analog Model Templates

* Many circuits with analog inputs & outputs fall into:
* One-port model
* Multi-port impedance model
* Multi-port amplifier model

* Other circuits with digital inputs or outputs:
» Comparators and slicers
* Digital logic gates, flip-flops, and latches
* Delay lines and oscillators
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One-Port Model

* For circuits producing voltages or currents without
inputs (e.g. reference generators)

* Thevenin/Norton-equivalent circuit models finite R,
*V,and R, can be PWL functions to model nonlinearity
*R, can be Z (s) to model ACimpedance

Vv >\ ouT1

vV
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Flexible Port Widths

* Many of our UDM ports have variable widths, so that
each UDM can be mapped to a variety of circuits

* For example, our refgen UDM modeling one-port
circuits can have arbitrary number of vout's and iout's

UDM Port Description Parameter
vout Voltage output lout bias
iout Current output Vout bias
mode Digital mode input telizge ey

: levela], levelo]
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Digital Mode Inputs

* Many analog circuits have digital mode inputs for
various purposes: e.g. trimming, power-down, enable, ...

* These inputs don’t change the model template, but
change the model parameter values

* e.g. changing the output level orimpedance

* Our UDMs support arbitrary number of *‘mode’ inputs

* Generated model contains a look-up table defining
parameter values for each combination of digital modes
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Multi-Port Impedance Model

* For circuits having impedances between multiple ports
* Often, digital modes control their impedance values

* e.g. digitally-controlled resistors and capacitors, analog
multiplexer/demultiplexers (switch networks)

Digitally-adjustable Analog
Vs Capacitor Mux/Demux
H
11 v

_ IJ_—I | .
TR .
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Multi-Port Amplifier Model

* For circuits amplifying/filtering from inputs to outputs

* Each input/output port network with finite and/or
nonlinear Z _(s) orZ_ (s)

* Port-to-port transfer functions model DC gain, ACTF,
and/or nonlinearity between input & output ports

Input Port Port-to-Port Output Port
Network Transfer Functions Network
ZPWL,i(S)

Vin,; 0 T O Vour;
VIN,i
VewLi Gpwe i(S)| lpwuj lpwi Zpwii(S)
v



Bias Generator: biasgen
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* Generates digitally-trimmable bias voltages via:

* First stage generating a reference current (iref) from vref
* Second stage scaling the current with trim<2:0>

* Third stage converting the current into vbp, vbn & vbcm

R = | - v L
R o o N1 R & T
f OlITlw (@ n
el o - b p-J
T (1 [ [5
= S A S
o) L2
pel ° . o
> >

. . 1 1 L - - e
@ . TE @ g ¢ vbp—m . vbp
biasgen_iref rf [biasgen-_imirror e’ biasgen_vbias | - - - - - -
vref1p5 [Pp——m—vref1ps iref —@——m—{in- - - - jout|—M—m—|iref - - - vbn[—m—Jp vbn -
N IR TR vbem —I—. vbem
trim<2:@>

pipelined_adc_ckt.biasgen:schematic
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UDM refgen for biasgen

* Models a circuit generating reference voltages or
currents controlled by digital mode inputs

UDM:refgen

biasgen_iref

D=5 iref —l———

iref

e (=]
T
U (J
(-]
o (1]
o
>

17

vddA

>
[biasgen-_imirror
iin’ : iout

trim<2:@0>

trim<2:0> .J :

iref?’

4 |

<
e
U

. ID pr
btosgen vbias
iref - - - vbn

“vbem

| -L

Edit MODELZEN Properties for Instance Group

User-Defined Model (UDM) Mapping

- | Model reigen K@
"~ Port Mapping
| trimez> \mode ' Level 12
‘ trim<1> mode n Level 127
| trim<0> meode Level 1.2
I vban vout '
vbn vout '
| -
vddA R ' Value 3.3 |
vddD YpWr ' Value 1.2
vreflps \vbias ' Value 1.5
vss vgnd Value 087
Option Parameters
Model Zout for 'vout' Ports v
No. of Parallel Threads 1
m Cancel Defaults Advanced... Help |
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Simulation Results: biasgen

* Testbench: pipelined_adc_ckt.biasgen:tb_run
* Measuring the bias voltage levels while varying trim

Signals Values Waveforms

W WO:tb_run.vbp 2.173

W WO:tb_run.vbn 901.8m
W WO:tb_run.vbcm 980.3m 14}
W WO:tb_run.trim[2:0] 1

= L | | 1 1 | 1 ]
+ Add Signals 0 20ns 40ns 60ns 80ns 100ns 120ns 14¢



Sample-and-Hold Stage: sh_amp
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* A switched-capacitor sample-and-hold amplifier

* A common-mode feedback (CMFB) circuit maintains the

output commo

1

ck_in [P—m—ecin

=
CR I I

ek_out [~u—J ck_out r

\\\\\\

n-mode level at vem

4 pipelined_adc_ckt.sh_amp:schematic



Differential OTA: diffOTA

* Designed as “telescopic 'é}
OTA” with boosted
cascodes

* Providing a large gain
with a single stage p

& voutn

pipelined_adc_ckt.diffOTA:schematic - ::érl(
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UDM amp_linear for diffOTA

* Models linear amplifier networks with voltage or

current mput/output S

UDM:amp_linear o

“vibp

&
W

+ '
2>
. . o
g
oy : I g GHHOTA_amp
i . - - .
:
:
]

voutn voutp @f— - - -

vbcm can be

adjusted by CMFB; . N f /
modeled as vin port E3es

w— -

- Edit MODELZEN Properties for Instance Group 3

User-Defined Model (UDM) Mapping

o
E.
)
]
2

Model
P LT e T T T T T T T LTI T ITIT :
i vban \vin ' Vin Bia: 1.0 :
S Vb n ............................... —— H ....... v [ ........ ;._.a .................

vbp \vbias ' val 2.0

ddA M B Val 3.3

inn \vin n Vin Bias 1.7

vinp vin K VinBias 1.7

outn iout n VoutBias 1.7

voutp (iout n Vout Bi 1.7

ss vgnd n Value 0.0

Option Parameters

Resistance Threshold for Open Circuits 1.0M

Capacitance Threshaold for Open Greuit 1. ef

Capacitance Measurement Frequency 1.8M

Transconductance Threshold 1.8u

No. of Parallel Thre ads 1

[ ok = Defauts | Advanced.. || Help
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CMFB Circuit: diffOTA_CMFB

* Applies an offset between vbecm_in and vbcm_out
which is equal to the difference between the outp/outn
common-mode level and vem

N
W
[ BT
b
cki_d ' outp P -;'ﬂ- L =
ckB 2EE
vss [P

pipelined_adc_ckt.diffOTA_CMFB:schematic



Clock Generator: clkgen

* Inverter chains drive the clock loads and add delays
defining the non-overlapping periods

* ckD has 1.2V swing; others have3.3V -~ =~ = ’_[:F,.ckgd

»»»»»»»»

s,
ety

,,,,,,,,

chin Lo oo - ’q;}a.ckA_d

>>>>>>>>>>>>

e

pipelined_adc_ckt.clkgen:schematic

ck _out H
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-UDM delayline for clkgen

* Models a delay line with digital input/output’s which
can be gated or delay-adjusted depending on the
digital mode inputs

,,,,,,,,,,, User-Defined Model (UDM) Mapping
UDM:delayline . . [: .
Port Mapping

gelayine 3
(bbb Lt T
M ckAd T - | Level 3.3
_[:]]x) . = . B out K3 Level i3 200 |
6. ot B e 53
o T - | Level 12
ww«% ey T =D
out K3 Leve 3.3
e ~ | valve 3.3
wo B vawe 12
vers K3 X

T A LA

pipelined_adc_sol.clkgen:schematic D G G G G
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Simulation Results: sh_amp

* Now, generate a model for sh_amp
* And run pipelined_adc_ckt.sh_amp:tb_run

Signals Values Waveforms
19
181

W WO:tb_run.inp X o

W WO:tb_run.inn X -
16
15
21p

2+

19

W WO0:tb_run.outp X 18

W WO0:tb_run.outn X .

16f

15|

+ Add Signals
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1.5-bit Sub-ADC: subADC

* A flash-type ADC made of R-string reference generator,
comparators, and encoder logic

cka [P
ckB
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Comparator Stage: comp

* Made of a pre-amplifier stage amplifying the difference
between V, =inp-inn and V, =refp-refn and a clocked
comparator (latch) stage detecting its polarity

2R R T
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Pre-Amplifier Stage: comp_preamp

* A switched-capacitor circuit amplifying V; -V,

pipelined_adc_ckt.comp_preamp:schematic
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Latch Stage: comp_latch

* A strongArm comparator detecting the polarity of
inp-inn at the falling edge of ckA

vads [

~pipelined_adc_ckt.comp_latch:schematic
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UDM comp_dev for comp_latch

* A custom UDM that models a clocked comparator
circuit with xreal-type analog inputs and xbit-type
digital outputs

UDM:comp_dev

{ { s B . - .
il [ T | R — -
! ._I ginoa3 1 mou33 "|-.---£ oAb vdd . W
= I..i — pean S e, ¥ l..,. R R TE R Tt il s 15 ort Mai
; . TR . ) d
it § 5 P Z 5 S &
R EER | S i — 5 : & :
w1 : ' hv_nand?] 4 outp

vdda [

P meter:

o ..."‘5:;,{..:;:.:'".'""“‘ AR I e
o o ) s L s o )
i o ; . : : ;
i SRR NS SN ISR T O
i g X . LS L v
tail B
! ’ e Ce e R X - oun: |
L L ! N , o .
vdd o . . e 5 - Option Para s
B - clA} A
okt — -*ii'.:“ e e e e BRSPS © | TestClock Period 10
vis et ETER i iian L 1 ... .. ... | TestClockRise/Fall Time 10.0p
C |
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Output Encoder Logic: subADC_encA

* Converts the thermometer-coded inputs (dh, dl) to
one-hot-coded outputs Q<2:0>, gated by ckB

G o
=

3.3V inputs <

o
=3 >

pipelined_adc_ckt.subADC_encA:schematic



DM comblogic for subADC_encA

- 6]

* Models arbitrary combinational logic paths

UDM:comblogic

vddA
LE]

ckB .

Ivdd

h<a>

User-Defined Model (UDM) Mapping
Model

Port Mapping
Q<2>

Q<1>

Q<0>

ckB

dh

dl

vddA

vss

Option Parameters

No. of Parallel Threads

5
=3

ut

Edit MODELZEN Properties for Instance Group x|

o Level 3.3
(out ' Level 873
out Level 3.3
(in n Level 3.3
in ' Level 3.3
G- - | Level 3.3
i ' Value 3.3
vgnd Value 0.0
1
. Cancel Defaults Advanced... Help
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Output Encoder Logic: subADC_encD

* Converts the thermometer-coded inputs (dhb, dhl) to
binary-coded outputs D<1:0>, registered at falling
edge of ckB

3.3Vinputs { =
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UDM comblogic for subADC_encD

- Edit MODELZEN Properties for Instance Group 3

* Can also model level converters  ormcwommons
by Setti ng in pUt/OUtpUt |eve|s :;nmwms — .Lew,z.._
dli CE. - | Level 1.2
S g comologigs iz gl g
il TR o [ . o m
dhb> _.ﬂ> vddD o - | Value 1.2
vss vgnd Value 9.0
P O

l No. of Parallel Thre ads 1

[ ok JEY Defauts | Advanced.. || Help

= Edit MODELZEN Properties for Instance Group X
| User-Defined Model (UDM) Mapping
comblogic |

Model

Port Mapping

B n_ K Level 3.3 |
ck enc out ' E Level 1.2
! vddA YpWr Value 3.3
vddD e ' E Value 1.2
vss vgnd g Value 0.0

Option Parameters

No. of Parallel Threads 1

@® oo Defauts | Advanced.. (_Help
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-U DM dflipflop for std_dff

* Models D-flipflops with optional set/reset inputs

* Auto-detects clock, set/reset & output polarities, and
sync/async types, ...

UDM:dflipflop | Edit MODELZEN Properties for Instance Grou
o ; P REEE: ;,:, 7:::::‘ ansse User-DeﬂnedModd(UDM)Mapping{
) AR T A P e o e b |

Bl Option Parameters
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Simulation Results: subADC

* Testbench: pipelined_adc_ckt.subADC:tb_run

* Sub-ADC produces both binary-coded output D<1:0>
and one-hot-coded output Q<2:0>

Signals Values Waveforms

WO:tb_run.Q[2]

W WO:tb_run.Q[1] -1

W WO:tb_run.Q[0]
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1.5-bit MDAC: MDAC

* Sub-DAC selects SEETIETETIEIEHEEIP RIS
vrefH, vem,or Al AR
vrefL depending s
on one-hot — il o oy |
coded Q<2:0> gl R S I

oo G
>0 =

qualified by ckB

¢l
0<2:9>

pipelined_adc_ckt.MDAC:schematic
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Simulation Results: MDAC

* Testbench: pipelined_adc_ckt. MDAC:tb_run
* Confirms gain = 2 and offset = -V../2, 0, and +V /2

Signals lues Waveforms

L VAW ‘ L

ut X 18
W W1:itb_run.DUT.outn X | ] | | i ‘ ‘ l
16 : l ;

Q=100

W2:tb_run.DUT.outp
W W2:tb_run.DUT.outn

N 1 L 1 1 1 1 1
+ Add signals 200ns 400ns 600ns 800ns lus 1.2us 1.4us
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itstage

ADC un

1.5-bit Unit Stage

.p.
+—

5.
=]

MDAC

routn.

—m—inp

3
]

L KGEN

NG
- ck_out —l—.cLout-

I-I : mw‘.’ |.
+ BBA" i c PTEA p=lll——
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appA, | = ee——
——— VPPA il
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<RS0 So
e
£
-2
TR A A
L o Y,
——— }ouA © e
MECZLENE FIFY o -
Hi8JA g PTEA —l—
S ugA Q p=gyo
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S8A ’ V9 el
——| dPpPA 2|
¢II YPpA
L c
£ £

inp .

inn .

9] o C —
AVud VVb er
> = s >

Q%0

<@g'L>a

d_adc_ckt.ADC_un
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Simulation Results: ADC_unitstage

* Testbench: pipelined_adc_ckt.ADC_unitstage:tb_run

Signals Values Waveforms

W WO:tb_run.inp X

W WO:tb_run.inn X

W WO:tb_run.outp X

W WO0:tb_run.outn X

1 WO:tb_run.D[1:0] X 1_: ............... ST TLTTELPREPPEITTPRLE -

SOOm ........................................................................................................................................

0 ——————————————————————— - - - - + -+ s s e sese e ceeeiaiaatetateaaataehoaneiaiaeaeataiaeataaacasaaaoans
L

_ 1 1 1 ]
+ Add Signals 500ns lus 1.5us 2t




Digital Combiner: combiner
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* A cascade of shift-and-add stages

F{

N

X1

L
P i

PN

P

L
(X3

PN

T

L
Pi

i3

L
(X1

}-

L
b

A
L

_f

(X1

o

PN
L

i

4

1

RN , - 'y
% :E ] Ly
i1 i{
+J2E}‘+
W 4
FEH,
i1 i1
ijE -
of i

gt

4

e

pipelined_adc_ckt.combiner:schematic
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UDM comblogic for std_fulladd

* Static CMOS logic computing:
S=ADBoC; C,=AB+ BC; +C;A

- Edit MODELZEN Properties for Instance Group X

UDM:comblogic

wid [ : User-Defined Mod el (UDM) Mapping
@ I e Model ;
" e = Port Mapping
. B Level 1.2
oy . A in_ K@ Level 1.2
b in n Level 1.2
M Level 1.2
i . cut K@ Level 1.2
. vdd M Value 1.2
vss M Value 8.0
W1 L5
—"l 4 _._l - b oa Option Parameters
i - No. of Parallel Threads 1
vas [p—=> " 4
Cancel Defaults | Advanced Help

pipelined_adc_sol.std_fulladd:schematic
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Pipelined ADC: ADC_top

. /)

* Now we are ready to extract the top-level model of the
pipelined ADC!

pipelined_adc_ckt.ADC_top:schematic:

i
=i

4 i
- ©ADG_ni o - -

i

%

9, 4 : §
WOMEHFR. | | | .

—a [ Dout<78>

vddD . pi<:E>
Vi, i
i K
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Simulated Results: tb_rampinput

e pipelined_adc_ckt.ADC_top:tb_rampinput
* Simulation runtime: 60 sec. (vs. 18.7 min. with CLM)

Signals Values Waveforms

W WO:tb_rampinput.inp
W WO0:tb_rampinput.inn

>xX X

Due to uninitialized ; |
200 T T
internal states;
b L 1 ] T e i T

W WO:tb_rampinput.Dout[7:0] X

- 1 ] | ]
+ Add Signals 500ns lus 1.5us 2L
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Simulated Results: tb_rampinput (2)

* Digital and residual outputs of the individual stages:

Signals Values

Vresi

W WO0:tb_rampinp...UTIUNIT1.out X
W WO:tb_rampinp...UT.IUNITL.out X

Da

W WO:tb_rampinp....JUNIT1.D[1:0 X

Vres2

W WO:tb_rampinp...UTIUNIT2.out X
WO:tb_rampinp...UTIUNITZ out X

D2

W WO:tb_rampinp....JUNIT2.D[1:0 X

Vres

W WO:tb_rampinp.. D LIUNIT3.out X
W WO:tb_rampinp...UTIUNIT3.out X

D3

W WO:tb_rampinp....JUNIT3.D[1:0 X

Vress

W WO:tb_rampinp...UT.IUNIT4.out X
W WO0:tb_rampinp...UT.IUNIT4.out X

W WO0:tb_rampinp....IUNIT4.D[1:0 X

+ Add Signals

Waveforms

._.
wn
T T T

3}
25F

i

HH:H T I T

TTTTIA . TR ‘ﬁ"\"‘.‘w"‘ .\.‘I‘.-,.ﬂ.‘..‘.m. TTTTTTTTT T
il “"mljlj.wv";f}””‘" ! \"u TW”\!III S

| |

1 i
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Simulated Results: tb_sineinput

* pipelined_adc_ckt.ADC_top:tb_sineinput
* Simulation runtime: 54 sec. (vs. 19.9 min. with CLM)

Signals Values Waveforms
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Simulated Results: tb_sineinput (2)

* The residual outputs of the individual stages:

Signals Values Waveforms
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Vres3
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Summary

* Demonstrated two ways of automatically extracting
bottom-up models from analog circuits

* Structural modeling guarantees correct-by-construction
models for all kinds of circuits

* Functional modeling yields higher-abstraction models
that run much faster

* Best results can be achieved by combining the two

* Now with the SystemVerilog models for analog circuits,
you can perform efficient verification for mixed-signal
SoC's all in SystemVerilog/UVM!



