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ABSTRACT

Current Verilog-AMS system level modeling does not capthe
physical design (layout) information of the target designitais
meant to be fast behavioral simulation only. Thus, the tesflbe-
havioral simulation can be very inaccurate. In this paggradigm
shift of the current trend is presented that integrates layout level
information (with full parasitics) in Verilog-AMS througlpoly-
nomial metamodels such that system-level simulation of edi
signal circuit/system is realistic and as accurate as tleetarasitic
netlist simulation. As a specific case study, a voltage+ctiet
oscillator (VCO) Verilog-AMS behavioral model and desigowl
are proposed to assist fast PLL design exploration. Based on
quadratic polynomial metamodel, the PLL simulation acagap-
proximately al0x speedup compared to the layout extracted, par-
asitic netlist. The simulations using this behavioral maateain
high accuracy. The observed error for the simulated locle &md
average power consumption &€& % and3 %, respectively. This
behavioral metamodel approach bridges the gap betweeutlage
curate but fast simulation and design space exploration.

Categories and Subject Descriptors

B.7.1[Integrated Circuits]: Types and Design Styles—VLSI (very
large scale integration)
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1. INTRODUCTION

Parasitics greatly degrade the performance of nano-CM®S ci
cuit designs. They cause significant mismatch between saiem
and layout circuit simulations. To account for the parasffects
and achieve design closure, numerous iterations at thetayage
are usually required. This process requires great amoftiise
and effort. Layout-accurate verification is the major oblgtde-
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cause the iteration time is mainly spent on layout modificatind
simulations. Behavioral models that are capable of reptewgcir-
cuit layout have the potential to dramatically shorten tesigh cy-
cle [8, 7, 12]. Parasitic effects, however, are not disalisisenost
works due to the inherent inability of function-based bebeal
models to account for them. Also, circuit models in theseksare
commonly implemented as Verilog-A modules rather thanlvgri
AMS modules which are more flexible in terms of functionality
Modeling techniques such as model order reduction [14] gmd s
bolic model generation [3] have been also proposed but thiy o
work for relatively small circuits. It may be noted thidue terms
macromodel and metamodel are often used interchangeably in
the literature. However, while macromodels are simplifiextigls
of a circuit and system that use the same simulator [2], medam
els are mathematical algorithms that can decouple the niesid
simulations to a pure behavioral tool such as MATLAB [4].

A metamodeling technique for nano-CMOS AMS circuits was
proposed in [5]. The models built with this method accusatet
flect parasitic effects. In the present work, an accurate \bElav-
ioral model is proposed based on this approach. This betzvio
model is implemented using the Verilog-AMS language which e
ables fast simulations. Combining the metamodeling tegleand
Verilog-AMS simulation, the design verification processiaves
a large speedup and maintains reasonably high accuracwactn f
not only the proposed Verilog-AMS behavioral model can hibkp
design space exploration and optimization, it can alscstfise
verification process of complex System-on-Chip (SoC) desid\
phase-locked loop (PLL) design with an LC-tank VCO using 180
nm CMOS process is used to demonstrate the modeling te@niqu
design flow and implementation method. Among different PEL a
chitectures, the charge-pump PLL (CPPLL) has been widedd us
in various system due to its simplicity and effectiveness.

Thenove contributions of this paper are as follows:

1. An accurate and efficient quadratic polynomial metamodel
for a 180 nm LC VCO design is developed.

2. A\Verilog-AMS module is constructed to implement the VCO
metamodel.

3. Aparameterized netlist approach using the VCO layollishet
after full parasitic extraction is used to capture parasft
fects by the metamodel.

4. Metamodel-integrated PLL simulations are presentedfand
accuracy and speed of the proposed VCO behavioral Verilog-
AMS model are discussed.

5. Ametamodel-assisted PLL optimization flow is demonstiat



The rest of this paper is organized as follows: Section Adises analog kernel in a mixed-signal simulation is generally rfaore
previous works relevant to PLL behavioral modeling. Setto computationally expensive than calling the digital kerrigius for
describes the metamodeling technique and the proposetbdferi  fast design verification with given accuracy requirementedels
AMS VCO behavioral module. Section 4 presents the PLL sim- that will cause unnecessary analog events should be avoided
ulation flow and methodology with the proposed VCO behaviora Fig. 1 illustrates the CPPLL configuration in this work. Thé L
model. Section 5 demonstrates the PLL optimization withate consists of three simple passive componétitsC,, andC». Mod-
sistance of the metamodel. Section 6 concludes this worldead eling it behaviorally does not improve the simulation effitiy no-

cusses future research. ticeably. Therefore the SPICE model is used for the LF and it i
implemented in a schematic view. The PFD and FD are pure digi-
2. RELATED PRIOR RESEARCH tal circuits. The frequency of the FD outpgi, is 1/N of that of

the VCO outputp,.:, whereN is the FD division ratio. The PFD
activates its outpu/p or Dn to vary the VCO output untib ¢,

and ¢;,, are aligned and have the same frequency. They introduce
non-idealities to the system via their signal delay, andribe/fall
time. These non-idealities can be easily described in tieadido-
main. Thus the behavior of these two blocks is implementétus
the Verilog language. The CP has digital inputs and analogubu

so it is implemented as a Verilog-AMS module.

Three different views have been implemented for the VCO: (1)
schematic, (2) layout with parasitics, and (3) Verilog-AM3g. 2
shows the schematic and layout views of the LC VCO designh Bot
schematic and layout views use SPICE models for simulatiénile
the layout view includes the parasitic elements therefated longer
to simulate, it results in accurate estimate of the realaili Table 1
lists the number of elements in the schematic view and garasi
extracted layout view. The parasitics consist of Resigtg§Rg, Ca-

3. LAYOUT-ACCURATE POLYNOMIAL pacitance (C), and self (L) and mutual inductance (K).
METAMODELING OF CPPLL

3.1 High-level Description of the CPPLL

Atypical CPPLL consists of a phase/frequency detector (P&D Wy/ L-E —|°><Er

Verilog-A behavioral modules of linear VCOs were used in [9]
for PLL jitter characterization and in [15] for aiding a héechi-
cal CPPLL sizing method. No parasitic effects were included
this model. A characterization technique is developed 1 [b
extract circuit parameters, including parasitic effedthe authors
also adopted the linear VCO model which may be sufficient éor p
forming verification on fixed designs, but is not useful foside
exploration since the VCO linearity condition is not alwasid.
The VCO behavioral models developed in [1] and [6] use a table
lookup approach inside Verilog-A modules, which is not et
for global design space exploration. An event-driven agpahowd-
eling approach was proposed in [13] which used the VerildgSA
wr eal data type to improve the model efficiency. However, it is
not clear how the VCO gain and output frequency were modeled.

charge-pump (CP), a loop filter (LF), and a VCO. If the PLL reed | ov
to perform frequency synthesis, a frequency divider (FD) al$o oy,
be employed. The system level topology of a CPPLL is shown in ,f,‘ ,Cj,

Fig. 1. In this paper, we focus on developing a VCO behavioral vy, o] == [

model that can accurately mimic the VQghysicaldesign. The 000

with hardware description languages or at schematic levetder

model is constructed using the Verilog-AMS language to Enab . L, !
fast design exploration. The other parts of the PLL are mestiel WN/Lji >< "i
to simulate the whole PLL system.

((a)) Schematic view | ((b)) Layout vie

Schematic Figure 2: The LC VCO schematic and layout viewis—= 180 nm;
F Wp = 20 pm; Wy = 10 um.
Verilog- *,
_____ AMS "'
N[ Y Dout Table 1: Element Counts for LC VCO Schematic and Layout.
| lVCO
J- : Elements H Schematic | L ayout |
I
I

CZ
g Transistor 4 4
7

————— Inductor 1 10

Capacitor 2 38
Schematic [ Layout Verilog Verilog-AMS Resistor 0 560
Total 7 612

Figure 1: The CPPLL configuration in this paper.

The Verilog-AMS view implements an accurate behavioral etod
The modeling approach is detailed in Section 3.3.

3.2 CPPLL Verilog-AM S Behavioral M odel

Mixed-signal systems such as CPPLLs can be simulated using'?’-3 VCO F)Olyn‘:)miaJ M etamodeling

mixed-signal simulators which have two kernels—an eveivied The VCO behavior is mainly determined by its voltage frequen
digital kernel and a continuous-time analog kernel [10]liGgthe transfer curve. A common way to model a VCO to assume that the



VCO is perfectly linear and model it with the following:

fosc:fO+KVCOV07 (1)

where f,s. is the oscillation frequencyf is the center frequency,
Kvco isthe gain, and/c is the control voltage at the VCO input.
This linear model can be implemented by sampling two datatpoi
on the VCO transfer curve. When performing design explorati
however, the linearity is not guaranteed, which leads talidsim-
ulation results. Also, parasitic effects from layout extian further
degrade the accuracy of this modeling approach. To accaount f
the non-linearity and layout parasitics, the metamodedijpgroach
suggested in [4] is used.

We chose to implement polynomial metamodels because they
have the following advantages: (1) they are simple closedh fo
equations which are easy to implement; (2) their form is Hiexso
that one can quickly examine and compare the accuracy ofipely
mial models with different degree; (3) they have been widelgd
and their properties are well understood. The polynomiatame
model used in this paper is as follows:

K-1

f(x) = Z Biz1PrizoP? pgP3i,

=0

@

wherex1, x2, andzs are three input variables corresponding to
Wp, Wn, andV¢ in this work, respectively.K is the number of
basis functions this model has afidis the coefficient for the basis
function. f(x) is the output that approximates the true model. In
order to construct the metamodel for a given VCO design,dche
basis function the coefficiertt; and the power termg;, p2;, and
ps; for each input variable need to be obtained. This is doneréeth
steps: first, a set of input variablés, x> x3] is generated using
the Latin Hypercube Sampling (LHS) technique; second,udirc
simulations are performed and the outputs for each set afsrgre
saved; third, with the inputs and outputs from previous stéipe
coefficients and the power terms that lead to a model with dibod
are computed. In order to incorporate the parasitic effiettsthe
model without repeating the layout for each simulation,ribtist
for the extracted layout view is parameterized fop andWy .

In this work, we are interested in the VCO output frequenay an
its power consumption. Therefore two respective metansoaled
built. They share the same power terms for the input varible
while the coefficients3; in the two models are different. After
these values are computed, they are written into a text fiielwh
will be read by the VCO Verilog-AMS module to implement the
model. A quadratic polynomial metamodel with first ordeeiatc-
tion has been implemented. Table 2 shows the layout of thdilex
storing the values for the power terms and the coefficientshie
model obtained from 100 samples. In the talfle; andg;,, are
the coefficients for the frequency and power consumptionetspd
respectively. These values are read into the Verilog-AMSlufe
during the initialization process.

Fig. 3 shows a portion of the VCO Verilog-AMS module. The
part of the basis function related to the input varial¥iés andWW
is constructed in theni ti al block. The remainder of the basis
functions are constructed in thé ways block since the third vari-
able Vo needs to be updated continuously during the simulation.
The output signal of this module is implemented to be diddgic
type to reduce the computation cost. As in the PFD and FD mod-
ules, the non-idealities associated with this output sigaa be
modeled in the digital domain.

This Verilog-AMS module can be easily reconfigured for meta-
models with different degrees by changing the parantéterFig. 4,
the simulation results of the VCO transfer curves for theégiem

Table 2: Layout of the text file storing the power terms andfeoe
cients for the VCO quadratic polynomial metamodel

T D1 P2 D3i Bi. s Bi,p
0|0 0O O, 2.113e+009, 1.385e-005
111, 0, 0, -3.214e+012, 44.459e+000
212, 0 O 3.456e+016, -2.804e+005
30 1, O 6.869e+012,  39.729e+000
411, 1, 0, -1.021e+017, 2.911e+005
510, 2, 0, -2071le+017, -1.080e+006
6|0 O 1, 3.513e+008, -8.271e-004
711, 0, 1, -2.565e+012, -31.282e+0:t0
8|1 0, 1, 1, -5331e+012, -11.392e+000
910, 0 2 0.000e+000, 1.041e-003

‘timescal e 10ps / 1ps

“include "disciplines.vans"

nodul e vco_net anodel (out, in);

par ameter int eger K

initial

begin
out = 0; /1 Initialize vco digital output
/1 Declare ports and data types
net af = $f open(" netanodel . csv", "r");

whil e (!$feof (nmetaf))

begin
readfil e = $fscanf(netaf,
"%, %, %e, %e, Y%e\ n",
pl, p2, p3, betaf, betap);
bf[i] = powm(wp, pl) * powwn, p2) * betaf;
bp[i] = pow(wp, p1) * pow(wn, p2) * betap;
pv[i] = p3;
=i + 1;
end
$f cl ose(net af ) ;
end
al ways
begin
vc = V(in);
freq = 0;
power = O;
for (i =1; i <=K i =i +1)
begin
freq = freq + bf[i] * pow(vc, pv[i]);
power = power + bp[i] * pow(vc, pv[i]);
end
#(0.5/ freq / 10p)
out = ~out;
end
endnodul e

Figure 3: Example of the VCO Verilog-AMS source code imple-
menting the polynomial metamodel.

Fig. 2 are shown. The parasitics cause a large differenvecket
the schematic and layout results both in the VCO center &egy



and the gain. Metamodel 1 is the Verilog-AMS module with the

2260 T T
quadratic model from 100 samples. Metamodel 2 is the module [ ' ' ' sghelmmc 1
with a 5-th degree polynomial model from 500 samples. Meta- [ Linear model ]
model 2 does not have significant improvements over Metamode S 2240T Layout 7
1. Thus Metamodel 1 is used in the PLL simulations shown in Sec E Metamodel ]
tions 4 and 5. Differences between the transfer curves ofitegnd g ! 1
metamodel Verilog-AMS views can still be observed, whicramse g 2220 7
a better metamodel may be used to further improve the accurac f.;
However, as will be seen in Section 4, this polynomial metdaho £ 2900}
is sufficient for system level PLL verification to simulatekatime [
and average power dissipation.
orgpl e L ]
0 0.1 0.2 0.3 0.4 0.5
2360 prrrry T Time (us)
< 2320 _ Figure 5: PLL output frequency from AMS simulation with tkre
% [ different VCO views.
g 2280 -
% ing the NMOS threshold. This shows that the center frequandy
& 2240 _ the gain of the schematic VCO are very different from the layo
z i A . —
g [~ — A — Sehematic These also confirm the VCO transfer curves plotted in Fig. 4.
O 2200 —%—— Layout -
[ -—(—" Metamodel 1 ]
2 ----@----Metamodel2 ] 0.8_ L B B B B
2160t b b L e : Schematic Layout ]
0.3 0.4 0.5 0.6 0.7 0.8 0.9 " Linear model Metamodel -
VCO control voltage (V) R U S .
Figure 4: VCO transfer curves for threes different views. |
4. VERILOG-AMSPAM BASED SIMULA- W@ o o oo 1
TION OF PLL : ]
In this section, we demonstrate PLL simulations with the VCO |
design shown in Fig. 2. The PLL configuration shown in Fig. 1 is 0.4 '0 5

used. The PFD and FD are in Verilog view. The CP is in Verilog-

AMS view and the LF is in schematic view. The views for the
aforementioned blocks were not changed throughout all lsimu
tion runs. The VCO view was changed from schematic, to layout
with parasitics, and then to Verilog-AMS views. Two VerildgMS

views have been implemented—one for the linear model and one

for the quadratic metamodel proposed in Section 3.3. Thdtses
for using different VCO views are compared.

A 550 MHz input clockg;,, is assigned to the PLL input. The FD
has a division ration of 4. Thus the desired frequency forlRhe
output clockg,.: is 2200 MHz. Fig. 5 shows thé,.: frequen-
cies from 500 ns transient simulations with different VC@ws.
Although the PLLs with the different VCO views are all able to
lock to the same correct frequency, the one with the schemiativ
shows quite different locking behavior compared to the oitle the
layout views. This mismatch is due to the parasitic effedtécty
greatly change the VCO characteristics. The one with thealin
model shows improvements over the the schematic since thae pa
sitics have been taken into account. However, it still hgsicant
errors, for example, in the lock time. The PLL with the metalelo
Verilog-AMS view offers the best approximation of the truedel
and accurately estimated the lock time. To further undedstae
behavior of the PLL with different VCO views, the criticalang
signal Ve was inspected.

Fig. 6 compares th&c waveform from the four simulations.
Again, the metamodel Verilog-AMS view provides the bestragp
imation of the layout view behavior. The PLL with the scheimat
VCO view can just barely lock to 2200 MHz siné®: is approach-

Time (us)

Figure 6: VCO control voltage waveforms from PLL simulaton

The Verilog-AMS metamodel also facilitates estimation loé t
power consumption. Fig. 7 shows the average VCO power con-
sumption per fifty cycles in the four simulations. It onceiagaon-
firms that the Verilog-AMS metamodel can better model thelay
counterpart. Table 3 shows the PLL simulation results topzame
the accuracy of the linear model and the proposed metamodel.

800 fr—r—r———r—— T
Schematic Layout
Linear model Metamodel
700 ........................................... __
- P
3 600 Moo= -
g i ]
E 500 ..................................... —
A [ ]
400:— ......................................... _j
300'....1. M BT EPETETETE EPETETATE A
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (us)

Figure 7: Average VCO power consumption per 50 cycles



In Table 3, the estimated PLL lock time is listed. The one from
the simulation with the VCO layout view serves as the true ehod
The errors resulting from the other two models are computee.
metamodel achieves a very low error ratéaf %, while the linear
model causes a large error 8.7 %. frocked IS the PLL output
frequency when it is lockedProckeq iS the average VCO power
consumption when the PLL is locked. Again, the metamodel re-
sulted in a good estimate of the true power dissipation. Vie
root-mean-square error (RMSE) of the models for the 500ms si
ulations are also listed.

Table 3: Comparison of PLL Simulations with Different VCO
Modules

| H L ayout | Linear Model | Metamodel

Lock time (ns) 3354 229.1 332.9
Error % 0.0% 31.7% 0.7%
fLocked (MHZ) 2199.99 2199.99 2199.99
Error % 0.0% 0.0% 0.0%
Prockea (£W) 602 560 620
Error % 0.0 % 7.0% 3.0%
Ve RMSE (mV) 0 33.508 10.889

Table 4 compares the runtimes for the PLL transient simarati
with the layout, schematic, and Verilog-AMS metamodel VG&ws.
The Verilog-AMS metamodel achieves roughlytax speedup com-
pared to the layout. Note that in practice the VCO design noay ¢
tain more complex circuitry which leads to longer runtime &
simulation run. The runtime for simulation with the VerilddgVS
module will not be different. Thus the speedup will be mogngi
icant in that case.

Table 4: Comparison of The Speed of The PLL Simulations with
Different VCO Modules

” L ayout ‘ Schematic | Metamodel

80.5s 40.3s 8.7s
1x ~ 2X ~ 10x

Runtime
Normalized speed

5. PLL OPTIMIZATIONUSING METAMOD-
ELS

The metamodel and its Verilog-AMS implementation can also
accelerate design optimization. In this section, we detnates
how the metamodel assists PLL optimization. Modern low-@ow
devices are been used in many applications. The wake up time f
these device is crucial, which requires short lock time iLRlare
employed. The goal of this optimization is to find a designhwit
minimized lock time and low power consumption. The tramsist
sizesWp andWy of the LC VCO are chosen as the design vari-
ables to be optimized. A simple optimization flow is develkbpe
highlight the use of the metamodel and its Verilog-AMS inmpé-
tation. In practice, more sophisticated flows can be usecmalle
problems of larger sizes. Table 5 summarizes the optinoizdlbw.

In the first step, the ranges of the design variablés and Wy
are defined to be 10-3@m and 5-15:m, respectively. Within each
range, 31 values are evenly selected, which results in baio8&1
possible designs. The design space is then reduced by agplyi

Table 5: Summary of the optimization flow

Step # | Action Design Space
(total design counts)

1 Define design space — 961

2 Shrink design space — 320
with  tuning  range
constraint

3 Run AMS simulation to — 5
obtain design choices
with  minimized lock
time

4 Select optimal design — 1
with low-power consid-
eration

5 Verify the final design — Done
with layout simulation

the tuning range constraint. We define the desired VCO fregue
tuning range to be 2180-2300 MHz. A metamodel is used in this
step to calculate the VCO tuning range for each design withou
performing circuit simulations. Only 320 designs are |éfeathis
step. Verilog-AMS simulations are then run to obtain the Ridk
time for these designs. The simulations only took 30 mintes
complete due to the use of the Verilog-AMS module. The top five
designs with the minimum lock time are saved. These designs a
listed in Table 6 along with their average power consumptiben

the PLL is locked.

Table 6: Comparison of the choices for optimal design

Choice# || Wp | Wn | Lock Time | Procked
(um) | (um) (ns) (1W)
1 23.2 5 328.6 504
2 21.4 5 328.7 486
3 214 | 53 330.4 494
4 22 5 330.4 492
5 226 | 53 330.4 506

Choice 2 from Table 6 is selected as the final design for its low
est power consumption. Fig. 8 shows the top five design catetd
in the design space of 961 designs. Although the lock timebean
further minimized the resulting designs would violate thaing
range requirements. Table 7 compares the original LC VC@udes
(baseline) shown in Fig. 2 and the optimal design. The ogtimi
tion reduces both the lock time and the power consumptiog. Fi
shows the PLL simulation with the VCO layout view of the opti-
mal design relocks from 2180 MHz to 2300 MHz. This simulation
finalizes the verification of the optimal design.

6. CONCLUSIONS

A Verilog-AMS behavioral model based on quadratic polyno-
mial metamodeling for a 180 nm LC VCO has been proposed. With
this behavioral model, fast and accurate PLL design vetifina
and optimization have been demonstrated. The behaviordeimo
can be further improved but is sufficient for lock time andrage
power estimation. Future research includes developing\betal



) O Optimized designs
420" s

Lock Time (ns)

W, (um) Wy (um)
Figure 8: Sizing the transistors for lock time.

Table 7: Comparison of baseline and optimized designs

‘ H Baseline Optimal Reduction ‘
Wp/Wn (m/pum) 20/10 21.41/5 -
Lock time (ns) 3354 320.4 15.0
PLockea (UW) 602 455 147
Tuning Range (MHz) || 2170-2304| 2173-2321 -
2360 T T T T T T T T
§ 2300
& 2240
g 2180
59}
2120....l....l....l....l....
0 0.2 0.4 0.6 0.8 1
LR S L B B B B

-

0 0.2 0.4 0.6 0.8
Time (us)

Figure 9: Simulation showing that the PLL first locks to 218BIM
and then relocks to 2300 MHz.

models that incorporate parasitics for the rest of the PLildimg
blocks and studying different metamodeling methods.
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