Automatic Model Refinement of GmC Integrators
for High-Level Simulation of Continuous-Time
Sigma-Delta Modulators

Michel Vasilevski, Hassan Aboushady, Marie-Minerve Laier
Laboratoire LIP6/SOC, University of Paris VI, Pierre et MaCurie, France

Abstract—A XA GmC integrator refinement flow is presented.
The classically simplified GmC integrator small-signal moel was + - + 3
. . K(s+z1)(s+22) K (s+21)(5+22)

upgraded to be extremely accurate by considering the compie Tsp0) (5502) O +p1)(5p2) Jf
transistor small-signal model. A circuit-level knowledgebased N
tool was used to execute the designer defined sizing proce@ur
and to extract small signal parameters. By associating the ay A
symbolic transfer function to small-signal parameters, tte flow,
entirely implemented with C++, is able to compute poles and
zeros to permit precise behavioral simulations. A2"¢ order ©A
modulator was chosen to visualize performance degradatien Fig. 1. 27¢ order Sigma-Delta modulator.
while the specifications were not achievable.
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|. INTRODUCTION

The essential target of simulation is evaluation of perfo
mances. When measuring non-linear devices suchtas
modulators, a time-domain analysis is required. Perfoaaan
are extracted through spectral analysis, requiring a seiffic
number of simulation samples to be accurate enough. Run- II. GMC SMALL SIGNAL MODEL
ning those simulations at transistor-level is time conggni
Designers have to deal with levels of abstraction to haritde t
trade-off between simulation speed and accuracy of resuftré”l
That's why a great challenge is to refine behavioral models A fs
with a large amount of non-idealities. H(s) = s @

A modulators are well known for their performanceSAmt is integrator desired gain anfl is $A sampling fre-

They_ are used_ N h'gh_ resolution audio and wireless aabency. To check the correctness of the design, the transiti
plications. Continuous-time modulators consume low powﬁrequency {r) is computed:

and operates at high sampling rate. Many publications have
presented non-idealities modeling either in the disctiete- Aintfs 1 = fp= Aint [ @)
case [1] [2] [3] [4] or the continuous-time one [5] [6] [7]. €k s T o
model poles/zeros limitations, clock jitter, noise, satiomn,
harmonic distortion, other non-linearities. Charactatian of
these non-idealities is still often based on circuit-lesieh- 1o Io Lo 1o 1o Iy
ulation. Expressing non-idealities as function of circaritall @ d) @ CD ZCD @
signal parameters is always valuable since it permits aatiom <o —if o
model refinement and architecture exploration [8]. i; —i;
Focusing on poles/zeros characterization, symbolic aisly
[2] [9] has proved its worth to refine behavioral transfe{/
function. This way, technology independent functions carf“c™ _| Bl | Bl . I
describe a circuit. By choosing a technology, small-signal T
parameters of the circuit allow to finally determine the ealu
of poles and zeros. Such extraction is generally simulation

approach [10] is introduced for transistor-sizing and $mal
E‘lgnal parameters extraction. Finally, we speak about the
entirely automated GmC transfer function refinement flowt tha
was built.

When designing an integrator for A modulator, the
nsfer function has to satisfy:

M44d || M44 | | | [ M4 M3 || [[m33  |[wms333
!

based [9]. There are many variants, for example, [7] intoeaii M222 } m22 | } = } Y }7#7“"“ | M111
curve fitting also based on simulation. ™ M= 7 M= N
In this paper, we investigated continuous-tim&\ GmC T T

integrators. First, we present a precise small-signal ode
of a GmC integrator. Then, a circuit-level knowledge-based Fig. 2. Differential current-mode integrator.
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Fig. 3. Small-signal GMC integrator model.

Itis a C++ based language that allows to describe a tramsisto
level hierarchical netlist and to implement the sizing ptare

of the designed circuit. Thereby, the designer implemeats h

to size each transistors using system level specificatitins.
includes the inverted BSIM3v3 equations to make accurate
transistor-sizing, producing a sized netlist As CAIRO+ is
based on the DC operating point computation, the smallasign
parameters of each transistors are available. This tool was
used to get automatically small signal parameters of the GmC

Ignoring parasitic capacitances and output conductatioes, integrator circuit without running transistor level sinatibns.
transfer function of a GmC integrator, presented in fig.2, ISThanks to automatic small signal parameters extraction, a

H(s) = 2% ©

Many publications [11] [12] [13] presented a small-signal
model built from a simplified GMC integrator. This model

has such transfer function:

1— =)
H = A 1 4
(5) 0 1+ Pil) 4)
With,
(9m — 9ds) 294 Gm — 9ds
7 == g = ——"__and Ay = °—==
! 2ng 2 (O + 4ng) 0 29d5

precise transfer function was computed depending on the
technology and system level specifications.

The system level description is implemented with a C++
based behavioral modeling language named SystemC-AMS
0.15 RC5 [14] using the Synchronous Data Flow (SDF) model
of computation (MOC). It can be compared to Matlab level of
abstraction. The target was to make an easy link with CAIRO+,
since such two languages are C++ based. Maple, a symbolic
tool, computed the transfer function of the GMC integrator.
We let every small-signal parameters as unknown variaBles.
the result can be implemented to be used in a charactenzatio

AUTOMATIC CHARACTERIZATION FLOW

This model reveals one pole and one zero, whereas a SPICE
level AC analysis reveals two poles and two zeros. The
difference comes from simplifications that were made: the
model is non-cascoded and supposes that output cuigent
is identical to feedback currerit thanks to current mirror
operation.

We chose to upgrade the model (equation (4) by taking into
account cascoding and including every parasitic capam#sn
of the complete small-signal transistor-model in ordentoid
errors when another technology is selected. This new small-
signal model is presented in figure 3. From left to right, we
represented small-signal equivalent model of (M111,M333)
then (M1,M3) finally (M11,M33) couple of transistors. Note

that every output conductances, transconductances and par
They are

asitic capacitances of the same line are equal.
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respectively calledisi,g9m1,Cxx1 for the bottom line of tran- Extraction A
sistors (M1,M11,M111) andys2,92,Cxx2 for the upper line 4 !
(M3,M33,M333). Moreover we merged parallel capacitances i
in the figure 3 to be more readable: ‘ . T
Manual | Synthesis Symbolic 7
Cl = Cyw Sizing | (CAIRO+) | | Analysis =
3 1
o I
C2 = Cs2+Cus1+ Cap1 + ng2 e O
ymbolic !
C4 = C+3C41 +3Ce + 2Cq2 + 2Cq40 3
05 = Cys2+ Cyq Transistor Level Sived Small Signal |,
C6 = Cspa+ Cgs1 + Capr + Csg2 Simulation Param(e(::ti:ségﬁacnon \7
C7T = Cyu

C8 = Cys2 \

C9 = Cuo+ Cas1 + Capr + Csgo * Simulatonbased Knowledge based

CAIRO+ [10] is a tool that was developed in LIP6 laboratory.

Fig. 4.

Integrator characterization flow.



TABLE |

flow depending on system-level parameters, that is predente SPECIFICATIONS OF THE2"? ORDERSIA MODULATOR.

in figure 4.

Let us describe the figure from upper to bottom side. g]g”% > 60dB
First, a system-level tuning is illustrated, using SNR gnal A/_}f 0%3
sis or scaling process thanks to a system-level time-domain AL;A 0.56
simulation implemented with SystemC-AMS. At this point, TABLE Il

the YA integrators transfer function is reduced toA"S—tf
This phase permits to determine the optimized integrator ga

INTEGRATORS CIRCUIT CHARACTERISTICSCOMPARING TWO DIFFERENT
INITIAL TRANSISTOR LENGTH (0.13um CMOSPROCES$ WITH

Aini, the SA optimal input amplitude 454). The system- VDD=1.2V.

level specification (BW) and and resulting system-level pa- BW 300 kHz | 200 KAz
rameters required for transistor sizing of the integratat/ed WILT 46710 1.2/3
“integrator specifications” (such as OSRyx : optimal input W?"-?’ 7367’9A 054g/0A18
ampli_tude,f_li,_n . integrator gain, resolution) are passed to the DesirgdfT 136 ‘KAHZ 136 ‘,\LAHZ
transistor sizing stage. Measuredfr || 1.29 MHz | 1.35 MHz
Then, two possible ways for characterizing the flow are c 3.6 pF 3.8pF
displayed : simulation or knowledge-based (dark boxesg Th Measured SNR]] 47.4dB | 68.4dB

target is to extract zeros and poles to refine the integrator

transfer function. One way performs zeros/poles analygis Ehaximum SNR is achieved. Those specifications were set into
a transistor-level simulation. The second way computes tBgstem level models of thEA modulator.

symbolic transfer function thanks to a tool like Maple or figyre 5 presents frequency response of the GmC integrator
Maxima. Then smqll-mgna] values are pr_owded by CAIROhased on different models : ideal, SPICE (transistor level)
They are finally injected in the symbolic transfer functioRomplete characterized Zeros/Poles and simplified cheract
to compute the values of poles and zeros. It is important {4 7eros/Poles. The GmC integrator was designed for a
understand that for the moment, the automatic charact&nza >ookHz bandwidth in a 0.38n process, using a 1.2V supply

is depending of the integrator topology, here is presertied §,gjtage. First, we can confirm the exact matching of the
GmC integrator topology. In fact, the small-signal topalogeomplete characterized model compared to the SPICE model.
analysis computed by a symbolic analyzer has to be intrafiuchjs figure also reveals how a simplified model would have
by the designer for each integrator topology. Finally, thgpproved the sizing procedure since it did not detect the
characterized integrator transfer function refines thealiral presence of a second pole near fT. Precise modeling is useful
model of theXA integrators and a more precise simulation cagp, guiding the designer to reduce the transistor lenghtsir{L)

be performed. order to push the second pole to higher frequencies.

Figure 6 presents the frequency response of a GmC integra-
In this section, we illustrate how the presented chara or designed for 200kHz in a 0.8 process, after reducing

terization method can be used to study the feasibility 8 elt trsnss(;[or Ientgths.dTabIg ”S cotntalcnsAfAl\éR _S|m|ult§1t|on re
specifications, for 2"¢ order CT XA modulator based on suls based on a ime-domain Systems.- simuiation using

the differential current-mode GmC integrator of Fig. 2. Eab complete characterized Zeros/Poles integrator modeles@h
| describes the2"d order A specifications. Ay, is the results show the improvement in th&A SNR after reducing

integrator gain that was scaled to 1/3 when using a Retum-e transistor lengths. ) _ i
to-Zero DAC. Asa is the input signal amplitude at which Table Il presents some simulation results after the design

IV. RESULTS
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Fig. 5. Frequency response oba\ GmC integrator automatically designed
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Frequency response of A GmC integrator automatically

for BW=200kHz, comparing small-signal , SPICE to ideal mpdevealing designed for BW=200kHz, comparing small-signal, SPICEdeal model,
after transistor length minimization (0.4& process).

a 2% pole because of transitor high length (Qub8 process).
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Fig. 7. Frequency response oba\ GmC integrator automatically designed

for BW=10MHz, comparing small-signal, SPICE to ideal modilstrating

| Technology [ 0.13m [ 02%m [ 0.1%m [ 0.25%m |
BW 200kHz 200kHz 10MHz 10Mhz
W1/L1 1.2/3 1.8/10 56/3 67/10
W3/L3 0.47/0.18 | 0.56/1.2 12/0.13 3.8/0.25
To 5.60A T5.A 2800A T3A
Desired f1 1.36MHz | 1.36MHz || 67.9MHz | 67.9MHz
Measuredf 1.35MHz | 1.36MHz || 55.3MHz | 7.42MHz
C 3.8pF 0.87pF OpF OpF
Measured SNR (dB)|| 68.4dB 68.2dB 67.3dB 52.1dB

a case of technological limitation (0.2 process).

They showed how the refinement flow permits to perform

and characterization of the GmC integrator for differ&hh
bandwidths (BW) comparing 0.1 (1.2V) and 0.2&6m
(1.8V) technologies. We specified minimal transistor lesdb
avoid a second pole effect. We picked up fT result after an AC
simulation and compared it to the desired fT computed using!
equation (2). We can see how the sized GmC integrator circuit
can limit the overal>A performances. In fact, for a 200 kHz
bandwidth, the SNR is sufficient for the targeted specificeti  [2]
For a 10MHz bandwidth, the capacitance sizing procedure
returns OpF because fT cannot be reached, the first pole [ig
resulting from input parasitic capacitances. AC simulagio
illustrate that effect in Fig. 7 for the 0.2%n process. In Figure

8, we plotted the2"? order SA modulator output spectrum (4]
for different bandwidths : 200kHz, 10MHz, with 0.6 and
0.25:m technologies. Each spectrum correspond to a case
listed in Table Il and Table Ill. We can see the deteriorations)
of the spectrum when increasing the bandwidth and also when
the transistor length is too high.

V. CONCLUSION (6]

An upgraded GmC integrator small-signal model was de-
scribed. It is used to compute a symbolic transfer-function
that is combined with small-signal parameters to producg)
poles and zeros of the circuit. Small-signal parametersswer
automatically extracted by a circuit-level knowledgedxhs 8
synthesis tool that performs transistor-level sizing ahdre
acterization. The results presented the accuracy of theemod
that was computed regarding to a SPICE AC simulation result
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8 -so-
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Fig. 8. 274 order A modulator output spectrum for different bandwidths
in 0.13um and 0.2%m technologies with constant OSR=64.

specification feasibility analysis.
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