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Abstract—A Σ∆ GmC integrator refinement flow is presented.
The classically simplified GmC integrator small-signal model was
upgraded to be extremely accurate by considering the complete
transistor small-signal model. A circuit-level knowledge-based
tool was used to execute the designer defined sizing procedure
and to extract small signal parameters. By associating the
symbolic transfer function to small-signal parameters, the flow,
entirely implemented with C++, is able to compute poles and
zeros to permit precise behavioral simulations. A2

nd order Σ∆

modulator was chosen to visualize performance degradations
while the specifications were not achievable.

I. I NTRODUCTION

The essential target of simulation is evaluation of perfor-
mances. When measuring non-linear devices such asΣ∆
modulators, a time-domain analysis is required. Performances
are extracted through spectral analysis, requiring a sufficient
number of simulation samples to be accurate enough. Run-
ning those simulations at transistor-level is time consuming.
Designers have to deal with levels of abstraction to handle the
trade-off between simulation speed and accuracy of results.
That’s why a great challenge is to refine behavioral models
with a large amount of non-idealities.

Σ∆ modulators are well known for their performances.
They are used in high resolution audio and wireless ap-
plications. Continuous-time modulators consume low power
and operates at high sampling rate. Many publications have
presented non-idealities modeling either in the discrete-time
case [1] [2] [3] [4] or the continuous-time one [5] [6] [7]. They
model poles/zeros limitations, clock jitter, noise, saturation,
harmonic distortion, other non-linearities. Characterization of
these non-idealities is still often based on circuit-levelsim-
ulation. Expressing non-idealities as function of circuitsmall
signal parameters is always valuable since it permits automatic
model refinement and architecture exploration [8].

Focusing on poles/zeros characterization, symbolic analysis
[2] [9] has proved its worth to refine behavioral transfer
function. This way, technology independent functions can
describe a circuit. By choosing a technology, small-signal
parameters of the circuit allow to finally determine the values
of poles and zeros. Such extraction is generally simulation-
based [9]. There are many variants, for example, [7] introduced
curve fitting also based on simulation.

In this paper, we investigated continuous-timeΣ∆ GmC
integrators. First, we present a precise small-signal model
of a GmC integrator. Then, a circuit-level knowledge-based

1 bit

HDAC(s)

K(s+z1)(s+z2)
(s+p1)(s+p2)

a1 a2

K(s+z1)(s+z2)
(s+p1)(s+p2)

1
T

Fig. 1. 2nd order Sigma-Delta modulator.

approach [10] is introduced for transistor-sizing and small-
signal parameters extraction. Finally, we speak about the
entirely automated GmC transfer function refinement flow that
was built.

II. GMC SMALL SIGNAL MODEL

When designing an integrator for aΣ∆ modulator, the
transfer function has to satisfy:

H(s) =
Aintfs

s
(1)

Aint is integrator desired gain andfs is Σ∆ sampling fre-
quency. To check the correctness of the design, the transition
frequency (fT ) is computed:

Aintfs

s
= 1 ⇒ fT =

Aintfs

2π
(2)
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Fig. 2. Differential current-mode integrator.
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Fig. 3. Small-signal GMC integrator model.

Ignoring parasitic capacitances and output conductances,the
transfer function of a GmC integrator, presented in fig.2, is:

H(s) =
gm

sC
(3)

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

H(s) = A0

(1 −
s
z1

)

(1 + s
p1

)
(4)

With,

z1 =
(gm − gds)

2Cgd

, p1 =
2gds

(C + 4Cgd)
andA0 =

gm − gds

2gds

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 currentio
is identical to feedback currentif thanks to current mirror
operation.

We chose to upgrade the model (equation (4) by taking into
account cascoding and including every parasitic capacitances
of the complete small-signal transistor-model in order to avoid
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-
asitic capacitances of the same line are equal. They are
respectively calledgds1,gm1,Cxx1 for the bottom line of tran-
sistors (M1,M11,M111) andgds2,gm2,Cxx2 for the upper line
(M3,M33,M333). Moreover we merged parallel capacitances
in the figure 3 to be more readable:

C1 = Cds2

C2 = Csb2 + Cds1 + Cdb1 + Csg2

C3 = Cdg1

C4 = C + 3Cgs1 + 3Cgb1 + 2Cdb2 + 2Cdg2

C5 = Cds2 + Cdg1

C6 = Csb2 + Cds1 + Cdb1 + Csg2

C7 = Cdg1

C8 = Cds2

C9 = Csb2 + Cds1 + Cdb1 + Csg2

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

It is a C++ based language that allows to describe a transistor-
level hierarchical netlist and to implement the sizing procedure
of the designed circuit. Thereby, the designer implements how
to size each transistors using system level specifications.It
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 small-signal
parameters of each transistors are available. This tool was
used to get automatically small signal parameters of the GmC
integrator circuit without running transistor level simulations.
Thanks to automatic small signal parameters extraction, a
precise transfer function was computed depending on the
technology and system level specifications.

III. A UTOMATIC CHARACTERIZATION FLOW

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.So
the result can be implemented to be used in a characterization
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Fig. 4. Integrator characterization flow.



flow depending on system-level parameters, that is presented
in figure 4.

Let us describe the figure from upper to bottom side.
First, a system-level tuning is illustrated, using SNR analy-
sis or scaling process thanks to a system-level time-domain
simulation implemented with SystemC-AMS. At this point,
the Σ∆ integrators transfer function is reduced to :Aintfs

s
.

This phase permits to determine the optimized integrator gain
Aint, the Σ∆ optimal input amplitude (AΣ∆). The system-
level specification (BW) and and resulting system-level pa-
rameters required for transistor sizing of the integrator,called
“integrator specifications” (such as OSR,AΣ∆ : optimal input
amplitude,Aint : integrator gain, resolution) are passed to the
transistor sizing stage.
Then, two possible ways for characterizing the flow are
displayed : simulation or knowledge-based (dark boxes). The
target is to extract zeros and poles to refine the integrator
transfer function. One way performs zeros/poles analysis by
a transistor-level simulation. The second way computes the
symbolic transfer function thanks to a tool like Maple or
Maxima. Then small-signal values are provided by CAIRO+.
They are finally injected in the symbolic transfer function
to compute the values of poles and zeros. It is important to
understand that for the moment, the automatic characterization
is depending of the integrator topology, here is presented the
GmC integrator topology. In fact, the small-signal topology
analysis computed by a symbolic analyzer has to be introduced
by the designer for each integrator topology. Finally, the
characterized integrator transfer function refines the behavioral
model of theΣ∆ integrators and a more precise simulation can
be performed.

IV. RESULTS

In this section, we illustrate how the presented charac-
terization method can be used to study the feasibility of
specifications, for a2nd order CT Σ∆ modulator based on
the differential current-mode GmC integrator of Fig. 2. Table
I describes the2nd order Σ∆ specifications.Aint is the
integrator gain that was scaled to 1/3 when using a Return-
to-Zero DAC. AΣ∆ is the input signal amplitude at which
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Fig. 5. Frequency response of aΣ∆ GmC integrator automatically designed
for BW=200kHz, comparing small-signal , SPICE to ideal model, revealing
a 2nd pole because of transitor high length (0.13µm process).

TABLE I
SPECIFICATIONS OF THE2nd ORDERΣ∆ MODULATOR.

SNR > 60dB

OSR 64

Aint 0.33

AΣ∆ 0.56

TABLE II
INTEGRATORS CIRCUIT CHARACTERISTICS, COMPARING TWO DIFFERENT

INITIAL TRANSISTOR LENGTH (0.13µm CMOSPROCESS) WITH
VDD=1.2V.

BW 200 kHz 200 kHz
W1/L1 4.6/10 1.2/3
W3/L3 37/9 0.47/0.18

I0 7.6 µA 5.6 µA
DesiredfT 1.36 MHz 1.36 MHz

MeasuredfT 1.29 MHz 1.35 MHz
C 3.6 pF 3.8pF

Measured SNR 47.4 dB 68.4 dB

maximum SNR is achieved. Those specifications were set into
system level models of theΣ∆ modulator.

Figure 5 presents frequency response of the GmC integrator
based on different models : ideal, SPICE (transistor level),
complete characterized Zeros/Poles and simplified character-
ized Zeros/Poles. The GmC integrator was designed for a
200kHz bandwidth in a 0.13µm process, using a 1.2V supply
voltage. First, we can confirm the exact matching of the
complete characterized model compared to the SPICE model.
This figure also reveals how a simplified model would have
approved the sizing procedure since it did not detect the
presence of a second pole near fT. Precise modeling is useful
in guiding the designer to reduce the transistor lenghts (L)in
order to push the second pole to higher frequencies.

Figure 6 presents the frequency response of a GmC integra-
tor designed for 200kHz in a 0.13µm process, after reducing
the transistor lengths. Table II contains SNR simulation re-
sults based on a time-domain SystemC-AMS simulation using
complete characterized Zeros/Poles integrator models. These
results show the improvement in theΣ∆ SNR after reducing
the transistor lengths.

Table III presents some simulation results after the design
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Fig. 6. Frequency response of aΣ∆ GmC integrator automatically
designed for BW=200kHz, comparing small-signal, SPICE to ideal model,
after transistor length minimization (0.13µm process).
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Fig. 7. Frequency response of aΣ∆ GmC integrator automatically designed
for BW=10MHz, comparing small-signal, SPICE to ideal model, illustrating
a case of technological limitation (0.25µm process).

and characterization of the GmC integrator for differentΣ∆
bandwidths (BW) comparing 0.13µm (1.2V) and 0.25µm
(1.8V) technologies. We specified minimal transistor lenghts to
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 overallΣ∆ performances. In fact, for a 200 kHz
bandwidth, the SNR is sufficient for the targeted specifications.
For a 10MHz bandwidth, the capacitance sizing procedure
returns 0pF because fT cannot be reached, the first pole is
resulting from input parasitic capacitances. AC simulations
illustrate that effect in Fig. 7 for the 0.25µm process. In Figure
8, we plotted the2nd order Σ∆ modulator output spectrum
for different bandwidths : 200kHz, 10MHz, with 0.13µm and
0.25µm technologies. Each spectrum correspond to a case
listed in Table II and Table III. We can see the deterioration
of the spectrum when increasing the bandwidth and also when
the transistor length is too high.

V. CONCLUSION

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 produce
poles and zeros of the circuit. Small-signal parameters were
automatically extracted by a circuit-level knowledge-based
synthesis tool that performs transistor-level sizing and char-
acterization. The results presented the accuracy of the model
that was computed regarding to a SPICE AC simulation result.
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BW=200kHz, 0.13µm : SNR=47.4dB
with L too high
BW=10MHz, 0.25µm : SNR=52.1dB
BW=10MHz, 0.13µm : SNR=67.3dB
BW=200kHz, 0.25µm : SNR=68.2dB
BW=200kHz, 0.13µm : SNR=68.4dB

Fig. 8. 2nd orderΣ∆ modulator output spectrum for different bandwidths
in 0.13µm and 0.25µm technologies with constant OSR=64.

TABLE III
INTEGRATORS CIRCUIT CHARACTERISTICS COMPARING0.25µm

(VDD=1.8V)TO 0.13µm CMOSPROCESS(VDD=1.2V), L MINIMIZED .

Technology 0.13µm 0.25µm 0.13µm 0.25µm

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

I0 5.6µA 1.5µA 280µA 73µA
DesiredfT 1.36MHz 1.36MHz 67.9MHz 67.9MHz

MeasuredfT 1.35MHz 1.36MHz 55.3MHz 7.42MHz
C 3.8pF 0.87pF 0pF 0pF

Measured SNR (dB) 68.4dB 68.2dB 67.3dB 52.1dB

They showed how the refinement flow permits to perform
specification feasibility analysis.
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